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in  the  genus  Symbiodinium .  One  group  of  Symbiodinium  species 
were  digested  by  the  amoeba  with  no  ill  effects  to  the  animal 
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A  third  group  was  barely  phagocytosed  and  mostly  avoided,  and  the 
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A  FINAL  REPORT  FOR  THE  PROJECT  "SYMBIOTIC  INTERACTIONS  BETWEEN 
THE  MARINE  AMOEBA  TRICHOSPHAERIUM  AM-I-7  AND  SPECIES  OF  THE 
SYMBIOTIC  DINOFLAGELLATE  SYMBIODINIUM" . 

Miriam  Polne-Fuller ,  Robert  Trench,  and  Aharon  Gibor 
Marine  Biotechnology  Center,  and  Marine  Science  Institute, 
University  of  California  Santa  Barbara,  CA  93106 


ABSTRACT 

The  large  and  multinucleated  marine  amoeba  Trichosphaerium- 
1-7 ,  and  some  species  of  the  dinof lagellate  Symbiodinium  were 
used  as  a  model  system  for  animal/plant  symbiotic  interactions. 
These  two  unicllular  partners  which  can  be  independently 
cultured,  existed  as  a  no-maintenance  closed  system  for  over  four 
years.  The  amoebae  actively  phagocytosed  the  algae  which  were 
packed  intact  in  amoebal  cytoplasmic  vacuoles  within  1-5  days 
after  infection.  The  amoebae  received  photosynthetic  metabolites 
from  the  algae  which  helped  maintain  the  animal  cells  at  low 
division  rates.  Both  partners  were  capable  of  being  cultured 
independently  when  isolated  from  the  consortium.  The  amoebal 
cytoplasm  was  packed  with  the  algal  cells  some  in  groups  of  as 
many  as  5  intact  cells  but  mostly  in  single  algal  compartments. 
Dividing  algal  cells  were  observed  in  TEM  sections,  as  were  few 
dead  cells.  The  amoebae  were  capable  of  digesting  broken  algal 
cells  and  wall  preparations,  as  well  as  killed  or  coated  algae. 
The  recognition  and  uptake  of  the  algae  by  the  amoebae  were 
grossely  effected  by  enzymatic  digestion  and  lectin  treatments  of 
the  algal  surfaces.  The  chemical  nature  of  the  changes  on  the 
algal  surfaces  which  effect  uptake  is  yet  to  be  determined.  This 
unique  symbiotic  interactions  between  the  unicellular  animals  and 
unicellular1  plant  cells  is  being  persued  for  further 
investigations  of  the  methods  of  communication  between  the 
interacting  organisms. 
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We  have  been  studying  animal/plant  symbiosis  using  a  model 
system  of  a  single  cell  animal,  the  amoeba  Trichosphaerium ,  and 
a  unicellular  plant,  the  symbiotic  dinof lagellate  Symbiodinium. 

Over  the  last  three  years  we  have  cultured  the  two  partners 
as  a  consortium  as  well  as  independently.  We  have  been 
describing  the  life  history  of  the  newly  isolated  and  poorly 
known  amoeba,  and  investigating  its  interactions  with  several 
species  of  these  symbiotic  dinof lagellates . 


Our  major  conclusions  to  date  are: 

1.  The  amoebal  life  history  is  composed  of  six  distinct 
morphological  forms  all  of  which  cycle  around  a  multinucleated 
stage  ranging  in  size  from  about  30  to  over  200  microns.  This 
main  morphological  stage  (Morph-I,  please  see  figures  and  diagram 
in  manuscript  Appendix  I)  is  also  the  one  capable  of  creating  the 
consortium  with  the  Symbiodinium  (Polne-Fuller  et  al.  Fig. 17 
Appendix  I).  Two  of  the  transitions  between  the  different  forms 
depends  on  culture  conditions  and  can  be  easily  induced,  these 
are  the  transitions  between  Morph-I  and  Morph-II  and  back  to 
Morph-I;  and  between  Morph-I  and  Morph-III  and  back  to  Morph-I. 

The  others  occure  occasionally  in  cultures  and  the  conditions  for 
their  inductions  are  under  investigation. 

Trichosphaerium  spends  most  of  its  life  in  Morph-I  as  it  grows  from 
20um  up  to  over  200um  in  diameter.  The  cells  feed  actively  and 
divide  about  once  a  day  via  binary  fission.  These  originally 
colorless  cells  engulf  Symbiodinium  cells  and  become  plump  full 
and  deep  orange-brown.  Such  consortia  maintained  themselves  for 
several  years  without  media  change. 

2.  The  amoebae  recognize  and  differentiate  four  groups  of  algae  in 
the  genus  Symbiodinium.  One  group  of  Symbiodinium  species  were 
digested  by  the  amoeba  with  no  ill  effects  to  the  animal  cell.  They 
also  digest  well  a  large  variety  of  non-symbiotic  dinof lagellates 
such  as  Gonyaulax ,  Peridinium ,  and  Gymnodinium .  Another 
Symbiodinium  species  was  toxic  when  phagocytosed .  A  third  group  was 
barely  phagocytosed  and  mostly  avoided,  and  the  fourth  group  of 
algae  created  a  consortium  filling  the  cytoplasm  of  the  animal 
cell.  The  ability  of  the  amoebae  to  interact  differently  with 

the  different  algae  which  supposedly  belong  to  one  genus  presents 
a  system  in  which  one  can  study  the  differences  between  these 
algae.  Especially  the  roll  of  surface  component(s)  in  the 
recognition  phenomenon. 

3.  The  amoebae  do  not  only  recognize  the  different  algae  but  also 
replace  less  desirable  algae  in  their  cytoplasm  with  more 
desirable  (digestible  and  not  toxic)  species  within  less  that  15 
hours.  The  exchange  of  the  perialaal/food  vacuole  content 
occurod  ^ardually  as  amoebae  full  of  symbiotic  algae  procoeeded 
to  engulf  newly  introduced  digestible  cells  of  Chlamydomonas  or 
yeast,  and  simultaniously  released  the  symbiotic  dinof lagellates . 
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The  released  Symbiodiniura  was  phagocytosed  again  three  weeks 
later  when  the  digestible  algae  were  consumed  and  if  no  other 
digestible  food  was  made  available.  In  opposite  experiments 
amoebae  well  fed  on  Chlamydomonas  were  exposed  to  Symbiodiniuro  it 
became  obvious  that  the  exchange  of  the  vacuoles  content  was 
controlled.  Only  minimal  numbers  of  non-digest ible  algae  were 
taken  up  by  the  fed  amoebae  who  ignored  the  Symbiodinium  as  long 
as  edible  food  source  was  made  available  (in  preparation,  paper 
#5). 

4.  Two  cytoplasmic  vacuoles  were  distinguishable  by  differential 
lectin  staining  in  the  amoeba.  Food  vacuoles  containing  bacteria 
bound  a  variety  of  lectins  while  the  membranes  of  perialgal 
vacuoles  containing  undigested  symbiotic  algae  did  not.  The 
possible  existance  of  two  different  types  of  cytoplasmic  vacuoels 
needs  to  be  further  characterized  (Rogerson  et  al.  Appendix  II, 
in  print) . 

5.  Like  a  true  symbiont,  the  algae  transferred  photosynthetic 
metabolites  to  the  amoebae  and  divided  inside  the  cytoplasm 
(Rogerson  et  al.  1989).  The  amoebae  collected  at  least  12%  of 
the  fixed  radioactive  bicarbonate,  the  algae  maintained  about  60% 
of  the  lable  in  them  and  the  rest  28%  was  lost.  The  missing 
radioactivity  could  have  been  lost  to  gaseous  CO 2  or  to  release 
content  of  food  vacuoles  as  the  cells  divided  (multiple  fission) 
during  the  preparation  of  the  consortia  for  counting  (Rogerson  et 
al.  1989  Appendix  III). 

6.  The  algae  supported  low  maintenance  -  long  term  cultures,  of 
the  consortium  which  have  existed  in  culture  as  a  closed  system  for 
over  four  years.  In  such  selfsuffecient  amoeba+algae  cultures  the 
algae  were  present  inside  and  out  of  the  amoebae.  Many  algae  in 
the  cytoplam  were  in  various  division  stages,  and  over  99%  of  the 
algae  were  intact  and  viable  and  culturable  upon  release  (in 
perparation,  paper  #6). 

7.  As  a  result  of  the  selective  digestion  the  amoeba  were  useful 
for  establishing  axenic  cultures  of  the  nondigestible  algal 
clones.  Digestible  contaminating  microorganisms  were  eliminated 
while  the  intact  algal  cells  were  isolated  and  cultured 
axenically  (Polne-Fuller  1991,  Appendix  IV,  in  print). 

8.  Enzymatic  digestion  of  the  algal  surfaces,  or  coating  them 
with  lectins,  daramatically  changed  the  uptake  rates  and  in  some 
cases  the  speed  of  digestion  indicating  involvement  of  cell 
surfaces  in  the  initial  recognition  stage  of  consortium  formation 
(Polne-Fuller  and  Gibor,  in  preparation,  paper  #7). 

9.  Over  90%  of  the  algae  in  the  amoebal  cytoplasms  were  intact  as 
observed  in  light  and  electron  microscopy.  Over  98%  of  the  algae 
developed  colonies  when  released  from  the  amoebal  cytoplasm.  The 
induction  of  multiple  fission  is  a  useful  methods  for  separating 
between  the  amoebae  and  their  symbionts,  and  results  in  viable 
populations  of  algae  and  amoebae.  The  morphology  of  the  amoebae 
releasing  their  symbionts  was  transformed  from  Morph-I  into  the 
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uniform  populations  of  20um  flat  and  fan-like  Morph-II  (Appendix 
I).  Most  of  these  small  amoebae  were  not  capable  of  taking  up 
Symbiodinium  cells  and  starved  to  death  when  edible  food  source 
was  not  made  available.  However,  occasionally  cells  of  Morph-II 
amoebae  did  engulf  algae  and  survived  on  Symbiodinium  alone 
creating  consortia  of  one  small  amoeba  containing  1-4  intact 
algal  cells.  The  biology  of  the  phenomenon  of  multiple  fission 
and  its  relations  to  the  amoebal  ability  to  take  up  algae  is 
under  investigation  (in  preparation,  paper  #8). 


Patents: 

The  nature  of  this  project  studying  cellular  recognition  and 
symbiosis  did  not  lend  itself  to  patents  so  far. 

During  a  meeting  with  the  ONR  patent  lawyer  earlier  this  year  a 
request  was  made  to  check  the  possiblity  for  a  patent  filing  for 
a  uniqe  "RECOGNITION”  system.  During  a  conversation  with  the 
University  of  Calif ronia  patent  officer  Dr.  Annie  Yau-Young  it 
was  concluded  that  at  this  time  we  do  not  have  an  approperiate 
patent  material.  It  was  suggested  that  a  disclosure  may  be 
possibly  filed  if  future  data  indicates  a  unique  nature  of  this 
system  of  recognition . 


4 


Publicatins : 


1.  Rogerson,  A.,  M.  Polne-Fuller,  R.  K.  Trencn  &  A.  Gibor  1989. 
A  laboratory-induced  association  between  the  marine  amoeba 
Tr i chos phaer i urn  Am-I-7  and  the  dinof lagellate  Symbiodinium 
#8.  Symbiosis  27:229-241. 

2.  Rogerson,  A.,  M.  Polne-Fuller ,  &  A.  Gibor  1991.  Lectin 
binding  sites  in  marine  amoebae.  Archive.  Fur  Protistenk  (in 
print) . 

3.  Polne-Fuller,  M.  1991.  A  novel  technique  for  preparations  of 
axenic  cultures  of  Symbiodinium  (pyrrophyta)  through 
selective  digestion  by  amoebae.  J.  Phycol.  27:324-337  (in 
print ) . 


In  preparations: 

4.  Polne-Fuller,  M. ,  L.  Drake,  J.  Gibson,  M.  Katies  &  A.  Gibor. 
Morphological  forms  in  the  life  history  of  Trichosphaerium  Am- 
1-7 . 


5.  Polne-Fuller,  M.  &  A.  Gibor.  Selective  interactions  between 
the  marine  amoeba  Trichosphaerium  Am-I-7  and  symbiotic  and 
non-symbiotic  dinof lagelate  and  other  unicellular  algae. 

6.  Polne-Fuller,  M.  Low-maintenance/long-term  closed-system 
cultures  of  the  consortium  Trichosphaerium-Symbiodinium . 

7.  Polne-Fuller,  M. ,  L.  Haslehurst,  R.  K.  Trenck  &  A.  Gibor. 

Emzymatic  manipulations  of  animal/plant  recognition  via  cell- 
surface  modifications. 

8.  Polne-Fuller,  M. ,  W.  T.  Eve,  K.  Kealy  &  A.  Gibor.  Methods  of 
Multiple  fission  in  the  marine  amoeba  Trichospaherium  Am-I-7 . 

I 


5 


Patents : 


The  nature  of  this  project  studying  cellular  recognition  and 
symbiosis  did  not  lend  itself  to  patents  so  far. 

During  a  meeting  with  an  ONR  patent  lawyer  earlier  this  year  a 
request  was  made  to  check  the  possiblity  for  a  patent  filing  for 
a  un;  je  "RECOGNITION”  system.  During  a  conversation  with  the 
University  of  Calif ronia  patent  officer  Dr.  Annie  Yau-Young  it 
was  concluded  that  at  tnis  time  we  do  not  have  an  appropriate 
patent  material.  It  was  suggested  that  a  disclosure  will 
possibly  be  filed  if  future  data  indicates  a  unique  nature  to 
this  system  of  recognition. 


APPENDIX  I 


7 


MORPHOLOGICAL  FORMS 
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TRICHOSPHAERIUM  AM-I-7 
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.»CT  _ 

Six  major  -eil  morpholdgicly^orms  occur ed^in  cloned  cultures 
of  the  large  marine  amoeba  Trichosphaerium  Am-I-7 .  Morphology-I 
(Morph-I):  The  most  11  common”  cells  -  about  40-250  microns  ir 

diameter,  multinucleated ,  reproduced  by  binary  fission. 
Morphology-II :  Fan-like  cells  -  15-20  microns  in  diameter,  2-5 
nuclei  per  cel  .,  resulted  from  multiple  fission  of  Morph-I  cells. 
Morphology-III:  Giants  -  300-2000  microns,  multinucleated, 

resulted  from  fusion  of  cells  cf  Morpn-I .  Morphology-IV:  Minies  - 
about  5  microns  long,  uninucleated ,  resulted  from  extensive 
multiple  fission  of  Morph-I  cells.  Morphology-V:  Minigiants 
15-40  microns,  complex  net-like  morphology  resulted  from  fussion 
of  mini  cells.  Morphology-VI :  Clusters  -  30-40  microns  round 

cells  originted  from  Morph-I,  and  usually  attached  to  each  other 
forming  "grape- like”  ciusteres.  The  different  morphologies 

appeared  to  be  stages  in  the  life  history  of  this  testate  amoeba. 
The  two  small  forms  (Morph- I I  and  IV)  existed  in  synchronous 
populations  which  had  uniform  number  of  nuclei  and  cell  size.  The 
other  four  morphologies  were  less  uniform  in  size  and  number  of 
nuclei,  yet  had  distinct  morphological  characteristics.  No  sexual 
interactions  (gamon  stage)  were  confirmed,  although  interacting 
pairs  of  Morph-I  c-lls,  and  mixing  of  cytoplasm?  were  observed. 
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INTRODUCTION 


The  large  multinucleated  marine  amoeba  Trichosphaerium  Am- I 7 
is  a  testate  rhizopod  that  feeds  on  seaweeds  (Polne-Fuller  1985). 
The  genus  is  wide  spread  geographically  and  has  been  isolated 
from  sand  samples,  debris,  and  seaweeds,  from  southern  Brazil, 
northern  and  southern  Australia,  Hawaii,  and  California,  by  the 
authors,  and  from  eastern  USA  (Spoon  1988)  and  Europe  (Rogerson 
et  al.  1989).  Due  to  the  limite  published  information  availble 
on  this  genus,  and  the  lack  of  studies  in  pure  cultures,  its  life 
history  remains  partially  unknown. 

Trichosphaerium  Am-I-7  has  been  cultured  continuously  in  our 
laboratory  since  its  isolation  in  the  summer  of  1985  (Polne- 
Fuller  1987).  Over  the  years  the  species  was  re-isolated  from 
local  beaches,  and  several  independent  cell  lines  have  been 
cloned  and  cultured. 

The  information  presented  here  accumulated  through  culture 
work  of  these,  cloned  and  cleaned,  isolates  under  various  culture 
conditions.  We  report  of  previously  unknown  morphological  forms 
of  this  organism  and  their  place  in  its  life  history.  We  also 
raise  further  questions  which  require  further  experimentation 
before  a  complete  life  history  can  be  presented. 
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MATERIAL  AND  METHODS 

The  large,  multinucleated  marine  amoeba  Trichosphaerium  Am- 
1-7  was  isolated  from  live  tissues  of  the  brown  seaweed  Sargassum 
muticum  (Polne-Fuller  1985).  Single  cells  were  isolated,  cloned, 
and  cultured  on  yeast,  unicellular  algae,  or  seaweeds,  in  sterile 
seawater  (Polne-Fuller  1985). 

Experimentation  and  observations  of  the  different 
morphologies  were  made  in  flat  plastic  tissue-culture  flasks  or 
plastic  perti  dishes  on  an  inverted  microscope.  For  high 
resolution  observations  samples  were  transferred  onto  ^lass  or 
depression  slides  and  sealed  with  silicon  grease.  Four  periodic 
feeding  patterns  were  established.  1.  Cultures  were  fed  once  a 
week  on  autoclaved  unicellular  algae  such  as  Chlamydomonas  or 
Gonyaulax .  2.  Cultures  were  fed  twice  a  month  on  autoclaved  Bruer 
yeast.  3.  Cultures  were  fed  once  every  two  months  on  kelp  or 
other  seaweeds.  4.  Cultures  did  not  need  external  feeding  when 
co-cultured  with  live  marine  unicellular  algae  such  as  Chlorella . 
Dunaliella ,  or  symbiotic  dinof  lagellates .  The  cultures  were 
observed  on  a  daily  or  weekly  basis  as  required. 

Observations  of  the  different  morphologies  were  described 
and  recorded  photographically  during  routine  maintenance  of  the 
cultures.  Specific  experiments  were  performed  to  confirm  these 
observations  and  to  induce  specific  morphological  stages. 
Morphology-I  -  "Common"  2p  cells  (Fig.  1-3): 

Cells  of  Morph-I  were  maintained  as  the  common  starting 
cultures  for  all  experiments.  They  reproduced  via  binary  fission 
( 2P  =*  2  progeny)  and  were  harvested  as  the  food  source  was  nearly 
depleted  and  the  amoebae  attached  to  the  bottom  of  the  culture 
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vessel . 


Synchronized  Morphology-II  -  Xp  cells  (Fig.  4-6): 

To  induce  multiple  fission,  actively  growing  cultures  of 
Morph- 1  were  rinsed  well  in  clean  seawater.  Observations  before 
rinsing  assured  that  the  amoebae  were  well  attached  to  the  bottom 
of  the  culture  vessle.  If  When  too  many  cells  were  loose, 
vigorous  shaking  of  the  culture,  followed  by  a  10  minutes  of 
stationary  settling,  induced  attachment.  When  large  food 
particles  loaded  with  amoebae  were  present,  the  particles  were 
allowed  to  sink  to  the  bottom  of  the  culture  flask  and  the  top 
liquid  carefully  discarded.  Such  repeated  rinsing  diluted  the 
medium  sufficently  to  induce  multiple  fission  as  described  below. 
Recently  fed  cells,  with  full  food  vacuoles,  had  to  be  rinsed 
cibout  every  2-3  hours  as  they  released  the  content  of  their  food 
vacuoles.  Additional  rinses  followed  as  needed  to  remove  the 
freshly  released,  partially  digested,  food. 

Morphology-III  -  Giants  (Fig  7-8): 

Giant  amoebae  formed  when  high  densities  of  Morph-I  cells 
were  present.  To  induce  giant  formation,  large  numbers  of  Morph- 
I  cells  were  placed  in  filter  sterilized,  ’’used'*  medium  from  well 
established  amoeba  cultures.  This  medium  was  saturated  with 
water  soluble  food  extracts  and  did  not  induce  multiple  fission. 
The  dense  cell  populations  were  measured  daily  amd  their  chetnging 
morphologies  recorded. 
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Morphology- IV  -  Minies  (Fig.  9-11): 

Minies  were  observed  occasionally  in  Morph-I  cultures.  Singl 
cell  isolation  of  minies  was  facilitated  by  finely  pulled  glass 
capillaries.  Isolated  single  mini  cells,  and  groups  of  these 
cells  were  cultured  in  8-well  microscopic  slides  (Falcon...)  as 
well  as  in  tissue  cultures  flasks.  The  cells  were  fed  either 
yeast  or  ground  Macrocystis .  The  cultures  were  observed  daily  for 
two  weeks. 

Morphology-V  -  Minigiants  (Fig.  12): 

Minigiants  were  observed  in  dense  cultures  of  Morph-IV  mini¬ 
cells.  These  were  observed  microscopically  and  documented 
photographically . 

Morphology-vi  -  clusters  (Fig.  13)  : 

Clusters  of  cells  were  observed  occasionally  in  "old"  and 
possibly  starved  Morphology-I  cultures. 

Preparation  of  food  sources: 

Brewer's  yeast: 

Dry  Brewer's  yeast  was  autocalved  in  screw-cap,  glass  test 
tubes.  For  routine  culture,  the  autoclaved,  caked  yeast  was 
dissociated  into  loose  powder  and  about  lOOmg  was  disturbuted 
into  the  culture  flasks  of  50  cm2  attachment  surface.  In 
quantitative  feeding  experiments,  lOOmg  of  autoclaved  yeast 
powder  was  ground  in  1  ml  of  sea  water.  The  suspension  was 
brought  up  to  100  ml  sea  water,  and  uniform  amounts  of  suspension 
were  added  to  the  cultures  (1  ml  per  10ml  culture  medium). 
Seaweeds : 
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Seaweeds  were  either  dried  and  ground  into  fine  powder  in  a 
mill  (Polne-Fuller  1985,  Polne-Fuller  et  al.  1989)  or  blended  in 
an  Hamilton  blender,  with  Nanopure  fresh  water.  Maceration  of 
the  tissues  to  about  200  micron  pieces  or  smaller  was  carried  out 
in  a  fine  homogenizer.  The  powder,  or  the  wet  macerated  tissues 
were  autoclaved  five  times  in  fresh  Nanopure  water,  to  remove 
water  soluble  matter.  The  washed  seaweeds  were  autoclaved  two 
more  times  in  seawater  and  divided  into  20  ml  screw  cap  glass 
test  tubes.  Each  tube  was  2/3  filled  with  seaweeds  and  sea  water 
(1:1)  and  autoclaved  (20  minutes,  120°C,  250  psi). 

Nuclear  staining: 

For  staining  the  nuclei,  cells  were  allowed  to  attach  and 
strech  on  a  flat  surface  for  about  15  minutes.  The  attached  cells 
were  fixed  with  1:3  acetic  acid/alcohol .  DAPI  or  Hochest 
(refs...)  dissolved  in  Nanopure  water  were  added  ( lug/ml)  and  the 
amoebae  were  observed  under  a  fluorescent  microscope.  Nuclear 
stains  penetrated  fixed  cells  easily  and  brightly  stained  the 
nuclei  within  less  than  5  minutes.  Quick  vital  staining  with 
Hochest  was  performed  in  sea  water.  This  dye  was  allowed  to 
penetrate  stretched  live  cells  for  15  minutes  before 
observations . 

Low  concentrations  of  DAPI,  Hochest,  and  Acridine  Orange, 
were  also  used  successfully  as  vital  dyes.  Hochest  was  used  at 
lOmg/ml,  DAPI  at  o.lmg/ml,  and  acridine  orange  at  o.oimg/ml.  All 
three  stains  were  added  to  the  cultures  one  week  before  the 
experiments . 
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Time-lapse  photography: 

Motion  of  amoebae  and  their  feeding  habits  were  observed 
through  a  time-lapes  photographic  system-  A  Mitchubishi  Time- 
lapse  recorder  and  a  Mitchubishi  color  movie  camera  were  used. 
Exposures  were  taken  three  times  a  minute  and  observed  at  real 
time. 


3 


RESULTS  AND  DISCUSSION 

Observations  over  five  years  of  culture  and  a  wide  range  of 
experimentations  revealed  six  distinguishable  morphologies  of 
Trichosphaerium  Am-I-7 .  These  morphologies  were  related  to  the 
growth  and  the  life  history  stages  of  the  cultured  amoebae. 

The  order  in  which  the  following  morphologies  were  presented 
is  somewhat  arbitrary.  The  selection  of  "Morphology- 1”  as  the 
first  to  be  numbered  was  due  to  its  being  the  dominant  cell  form 
in  growing  cultures  and  the  most  common  morphology  from  which 
other  formes  differentiated. 

Morphology-I  -  2p  cells: 

These  cells  divided  by  binary  fission,  each  mother  cell 
producing  two  similar  progeny  which  were  not  always  identical  in 
si2e.  Morph-I  was  previously  documented  and  published  as  the 
normal  Trichosphaerium  morphology  (Angell  1976)  which  were 
usually  found  in  field  samples. 

Cell  sizes  of  this  morphological  form  ranged  from  30  to  over 
250  microns,  and  contained  10  to  over  270  nuclei,  where  larger 
cells  contained  a  larger  number  of  nuclei.  Attached  cells  became 
f later  and  larger  as  they  stretched  on  the  substrate.  Wide 
lobopodia  were  actively  extended  constantly  changing  the 
morphology  of  the  amoeboid  cell.  Filipodia  were  forming,  slowly 
appearing  and  disappearing,  and  their  numbers  increased  in  the 
direction  of  motion.  Detached  cells  became  round  and  their 
filipodia  were  extended  into  the  surrounding  medium  in  all 
directions,  thereby,  holding  the  cells  above  the  substrate. 
Movement  of  detached  cells  was  performed  by  shifting  cell  weight 
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from  filipodia  which  were  in  contact  with  the  substrate  to  newly 
extended  ones.  This  type  of  motility  lasted  about  10-15  minutes 
until  the  cells  re-attached  and  flattened.  A  few  cells  attached 
as  soon  as  2  minites  after  stationary  conditions,  while  the 
majority  of  the  cells  required  about  15  minutes  to  establish 
stable  attachment. 

Active  cytoplasmic  streaming  was  observed  on  time-lapse 
recordings.  Cytoplasmic  activity  was  a  good  indication  of  cell 
viability  at  all  morphological  stages.  Another  useful  indication 
of  viability  was  the  close  contact  of  the  test  to  the  cytoplasm. 
Swelling  of  the  tests  was  always  an  indication  of  ill  health, 
although  at  times  a  rinse  with  clean  sea  water  reversed  the 
condition  and  saved  the  cells  from  death. 

On  two  isolated  occasions  pairs  of  Morph-I  cells  were 
observed  in  otherwise  regular  cultures  (Fig.  16).  The  pairs 
remained  in  contact  for  at  least  nine  hours,  and  disappeared  by 
the  next  day.  The  function  of  this  distinct  and  uncommon  pairing 
formation  was  not  determined,  although  interactions  between  cells 
in  less  distinct  formations  was  common. 

Another  uncommon  morphology  which  was  found  occasionally  in 
Morph-I  cultures  was  amoebae  containing  smaller,  intact,  amoebae 
inside  their  cytoplasmic  vacuoles.  The  smaller  amoebae  were  alive 
and  their  filipodia  extended  and  active.  The  interaction  between 
the  large  containing  cell  and  the  smaller  contained  amoebae  was 
either  an  uncommon  vegetative  propagation,  possibly  leading  to 
morphology  IV  (see  below),  or  a  case  of  larger  cells  preying  on 
smaller  cells.  Preying-like  activities  were  observed  on  several 
occasions  in  both  naked  Trichosphaerium  and  spicuoled  species. 
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Morphology-II  -  Xp  cells  (Fig.  4-6): 

Cells  of  Morph-II  were  termed  XP  cells  expressing  the  variable 
number  (X)  of  Progeny  which  they  produced  through  their  multiple 
fission. 

Induction  of  multiple  fission  was  reliable  and  simple  to 
perform,  although  it  biochmical  process  is  not  understood.  The 
phenomenon  can  be  reliablly  induced  by  rinsing  Morph-I  cells  with 
clean  sea  water.  It  is  not  clear  whether  the  induction  of  this 
multiple  fission  involved  a  removal  of  an  inhibitory  f actor (s)  or 
an  introduction  of  an  inducer(s).  Extensive  dilution  of  "used" 
medium  and  its  replacement  with  sea  water  was  the  most  reliable 
way  for  inducing  XP,  however,  at  times  stresses  of  other  kined 
also  resulted  in  multiple  fission.  An  examples  was  a  two  hour 
gentle  but  constant  shaking  of  cultures  during  travel,  which 
resulted  in  an  XP  population.  In  contrast,  similar  shaking  on  a 
rotary  shaker  at  room  temperature  in  the  laboratory  did  not 
induce  multiple  fission.  On  several  occasions,  starved  cultures 
also  contained  as  many  as  50%  XP  cells  however,  their  neighboring 
cells  remained  in  Morph-I. 

Multiple  fission  was  inhibited  by  yeast,  seaweed  cell 
extracts,  the  content  of  amoebae  food  vacuoles,  as  well  as  by 
highly  concentrated  sugar  solutions. 

Cells  of  this  morphology  were  uniform  in  size  (20  microns), 
fan-like,  with  a  denser  cytoplasm  area  ocuping  half  of  the  cell 
and  a  clear  fan-like  lobopodium  extended  at  the  direction  of 
motion.  Filipodia  were  not  common  in  these  small  cells,  although 
they  were  seen  extended  from  the  lobopodium  occasionally. 
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Detached  Xp  cells  became  round  and  extended  filipodia  to  the 
medium  as  did  the  Morph-I  cells. 

Xp  cells  contained  1-3  nuclei  (rarely  one)  all  present  in  the 
dense  cytoplasmic  area.  The  cells  started  feeding  1-3  days  after 
their  division  and  developed  into  Morph-I  cells  within  one  week. 
Single  isolated  XP  cells  were  cultured  to  determine  whether  each 
can  develop  independently  into  Morph-I.  All  50  isolates  developed 
into  normal  Morph-I  amoebae  indocating  that  these  are  not  a 
sexual  gamont  stage. 


Morphology-III  -  Giants: 

Giant  amoebae  formed  when  large  densities  of  Morph-I  cells 
were  present.  They  reached  sizes  of  as  large  as  3000  microns  and 
their  nuclear  numbers  were  too  large  to  count  (over  1000). 
Giants  existed  in  stretched  morphologies  as  well  as  large  solid 
patches  (Figs.  7,8).  Many  were  pale  indicating  inactive  feeding. 
To  induce  giant  formation,  large  numbers  of  Morph-I  cells  were 
concentrated  in  culture  flasks  or  petri  dishes.  This  procedure 
had  to  be  performed  in  "used"  medium,  saturated  with  water 
soluble  food  extracts,  to  avoid  induction  of  multiple  fission. 

Patches  of  giant  amoebae  were  formed  within  2-4  days  after 
transfer  to  dense  cultures.  The  giants  were  formed  by 
aggregations  of  Morph-I  "common  "amoebae  which  fused  their  tests 
and  cell  membranes.  Mixing  of  two  live  populations  of  amoebae, 
one  with  nuclei  stained  by  DAPI  and  the  other  by  light  acridine 
orange,  indicated  that  the  nuclei  of  giant  cells  streamed  into 
neighboring  cytoplasm  through  the  first  narrow  bridges  which  were 
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formed.  This  exchange  of  cytoplasm  occured  even  before  the  tests 
and  cell  membranes  completed  their  fusion.  Cytoplasmic  exchanges 
were  commonly  seen  among  the  many  cells  forming  the  giants, 
however,  single  Morph-I  cells  which  were  in  contact  with  only  one 
other  cell  of  the  same  morphology,  were  also  likely  to  exchange 
cytoplasm  in  densely  populated  cultures. 

Giants  lasted  for  about  one  week  and  then  seperated  back  into 
Morph-I  cells.  Similar  interactions  of  bridge  formation,  mixing 
of  cytoplasms ,  and  re-separation  occured  in  dense  population  of 
Morph-I  cells  even  if  giants  were  not  formed. 

Morphology-IV  -  Minies: 

Minies  were  the  smallest  size  cells  which  were  observed  in  the 
life  history  of  Trichosphaerium-I-7 .  They  were  about  5  micron 
long  (Fig.  10),  uninucleated,  and  emmerged  in  large  numbers  from 
the  tests  of  morphology  I  cells  (Fig  11).  Induction  of  minies  in 
the  laboratory  was  not  reliable  although  they  appeared  in  well 
fed  cultures  and  more  frequently  in  starved  ones.  The  cytoplasm 
of  minies  was  smooth  and  uniform,  and  did  not  produce  lobopodia 
or  filipodia.  Their  common  pattern  of  motion  resembled  that  of  a 
large  spiral  bacterium  with  occasional  amoeboid  movement  as  the 
cell  changed  its  direction  of  travel. 

Twenty  five  samll  groups  of  minies  (5-12  amoebae  in  each 
group)  were  isolated  and  cultured.  All  of  these  grew  back  into 
"common"  amoebae  of  morphology  I.  However,  only  two  of  twenty 
five  single  isolated  minies  developed  into  morphology  I  amoebae 
while  the  other  twenty  three  lived  for  about  a  week,  did  not 
feed,  and  died.  The  chance  of  having  two  mini  amoebae  tranf erred 
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together  or  two  cells  which  fused  before  they  were  transferred  is 
not  impossible.  Therefore,  it  is  not  clear  whether  isolated, 
single  minies  of  Trichosphaerium  are  capable  of  growing  into 
morphology  I  amoebae,  or  whether  they  may  be  a  gamont  form 
requiring  a  mate. 

Morphology-V  -  Minigiants: 

Minigiant  amoebae  were  observed  in  dense  cultures  of  morph- 
IV  minies  (Fig.  12).  They  were  never  intentionally  induced  nor 
where  they  observed  to  develop  into  morph-I  amoebae.  However, 
minigiants  were  observed  at  length  by  microscopy  and  time-lapse 
photography.  Their  migration  out  of  the  mother  cell's  test  lasted 
about  24  hours,  and  their  agregation  into  minigiants,  an  active 
migration  and  fusion,  occured  with  in  3-5  days  after  mini 
formation.  Minis  existed  in  a  variety  of  sizes,  from  single  cells 
(3-5  micron  long)  to  2  or  more  fused  cells  (7-15  micron),  and  up 
to  the  minigiants ,  a  reticulate  form  of  up  to  40  microns  in 
diameter.  Since  small  groups  of  minies  regenerated  into  morph-I. 
Since  minigiants  were  also  aggregates  of  mini  cells,  it  is  likely 
that  minigiants  may  also  be  able  to  grow  into  the  "common”  morph- 
I  form. 

Morphology  VI  -  Clusters: 

Clusters  were  observed  occasionally  in  older,  starved, 
morph-I  cultures  with  high  concentration  of  degraded  food 
particles  (Fig.  13-14).  They  appeared  as  groups  of  about  40 
micron  amoebae  clustered  together  attaching  to  each  other.  A  few 
of  the  amoebae  at  the  bottom  of  the  clusters  were  attached  to  the 
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substrata.  Clustered  amoebae  spent  days,  possibly  weeks  at  this 
morphology  before  they  returned  to  the  attached  morphology  I 
stage  and  started  feeding  again. 

CONCLUSIONS 

Trichosphaerium  1-7  survived  perpetual  subculturing  of  its 
Morph-I  form  for  the  last  five  years.  However,  at  least  five 
other  morphologies  did  exist  in  its  life  history  and  four  of  them 
are  known  to  re-dif ferentiate  into  the  common  morph-I  cell  type. 
Fig.  17  summarizes  the  source  of  diffemtiation  and  the  target 
form  for  each  of  these  morphologies.  It  is  interesting  to  note 
that  four  of  these  morphologies  returned  to  the  source  form  of 
Morph-I,  there  being  Morph-I , II , III ,  and  VI.  Morph- IV  did 
returned  to  Morph-I  when  more  than  one  mini  cell  was  present,  and 
Morph-v,  although  was  not  observed  returning  to  Morph-I  would  be 
likely  to  do  so,  since  it  in  itself  formed  from  fusing  Morph-iv 
cells . 

Several  questions  still  remain  unanswered.  We  do  not  know 
the  exact  sequence  and  function  of  the  different  morphologies  of 
the  life  history  of  this  protozooan  in  the  field.  We  do  not  know 


whether 

any 

of 

these  forms 

are  necessary 

for  the  long  term 

survival 

of 

the 

species , 

or  whether  any 

of  the 

morphologies 

interact 

as 

sexual  entities 

It  is  also 

unknown 

whether  the 

nuclei  in  the  mixing  cytoplasms  were  fusing.  Ecologically  it 
would  make  sense  that  both  forms  of  multiple  fission,  and  the 
clusters  are  advantageous  for  dispersle  of  a  large  number  of 
germplasm  at  time  of  stress  The  ecological  advantage  of  giants 
is  not  clear  although  their  function  as  a  mixing  pot  for  nuclei 
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of  many  ''alls  may  have  some  genetic  advantages. 

During  the  present  study  all  of  the  amoebae  were  of  naked, 
non-spicuoled  morphology.  We  have  not  observed  the  appearance  of 
spicuoled  forms  in  the  cultures  of  any  of  these  morphologies  at 
any  time  and  under  any  culture  conditions.  This  suggests  that  the 
known  spicuoled  form  of  Trichosphaerium  (Sheeham  &  Banner  1973) 
is  probably  a  differaet  species  than  the  naked  form  with  which  we 
are  working,  and  may  not  be  an  agamont.  However,  in  cultures  of 
spicuoled  isolates  we  did  observe  appearance  and  disappearance  of 
partially  spicuoled,  sparcely  spicuoled  and  seemingly  naked 
amoebae.  Further  work  on  the  spicuoled  species  is  in  progress. 
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Table  I:  MORPHOLOGICAL  CHARACTERISTICS  OF  THE  DIFFERENT  FORMS 


size/um 

div. 

nuc. 

period 

fili. 

lobo 

Morph- I 

30— >200 

2p 

5->200  cont. 

0->10 

in 

A 

t 

o 

months/ 

years  ( ? ) 

Morph- I I 

15-20 

Xp 

3-5 

3-7days 

rare 

1 

Morph— I II> 3 00— 5000 

Xp 

>300 

4-9days 

many 

few 

Morph- IV 

2-6 

none 

1 

5-lQdays 

none 

none 

Morph-v 

10-30 

? 

>20 

7-14days 

none 

none 

Morph-Vl 

40-60 

none 

20-5C 

i  7-30days 

many 

rare 

Pairs 

60-80 

none 

40-70 

i  l-5days 

few 

none 

feeding 

food 

vac. 

motion 

Morph- I 

yes 

yes 

7-12um/min 

Morph- I I 

yes 

none 

10-20um/min 

Morph- II I  no 

yes 

cytoplasmic 

Morph-IV 

? 

none 

30-40vun/min 

Morph-V 

yes 

none 

■? 

Morph-VI 

no 

few 

cytoplasmic 

and  local 

Pairs 

no 

yes 

cytoplasmic 
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FIGURE  LEGENDS: 


Fig.  1.  Cells  of  the  commonly  present  Morphology-I  (Morph-I)  of 

Thrichosphaerium .  Lobopodia  (clear  arrows)  and  food  vacuoles 
were  commonly  present.  Occasional  large  vacuole(s)  accumulated 
"feces"  (dark  arrowheads).  Dactylopodia  were  also  common. 

Bar  =  40  urn. 

Fig.  2.  A  dettached  cell  of  Trichosphaerium  which  was  fed  agar 
on  which  Symbiodinium  (a  dinof lagellate )  was  cultured. 

Detached  cells  extended  many  filipodia  (dark  arrows) 
which  protruded  through  a  "volcano-like"  cone  (clear 
arrows).  The  granularity  of  the  cytoplasm  is  due  to  the 
agar  packed  in  many  food  vacuoles.  Several  cells  of  the  alga 
Symbiodinium  were  also  phagocytosed  (dark  arrow  heads) . 

Bar  =  15  urn. 

Fig.  3.  Binary  fission  in  Trichosphaerium  fed  on  Chlamydomonas . 

The  narrow  cytoplasm  (dark  arrow)  evantually  became  thread 
thin  before  disconnecting  (see  Fig.  6).  Released  and 
partially  digested  algal  cells  can  be  seen  at  the  bottom 
left  (clear  arrow).  A  progeny  of  another  binary  fission  is 
present  at  the  top  right  (black  arrow  head),  its  brother 
progeny  is  just  above  him  and  can  be  partially  observed 
at  the  top  right  edge  of  the  photo.  Bar  =*  10  um. 

Fig.  4.  Progeny  of  one  amoeba  which  completed  multiple 

fission  Morph-II.  Rinkled  cells  without  a  lobopodium  are  the 
immediate  product  of  the  last  fission  (dark  arrow  heads). 
Within  3-10  hours  each  cell  stretched  and  become  motile 
extending  a  lobopodium  (dark  arrows).  Dactylopodia  with  very 
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small  or  invisible  cones  were  sometimes  present. 

Bar  =*  25  um. 

Fig.  5.  A  close  up  of  stretched  motile  progeny  of  multiple 

fission.  Twenty  four  hours  after  fission  the  cells  were 
motile  and  polarized.  A  clear  lobopod  attached  to  the 
substrate  via  cytoplasmic  pads  in  the  direction  of  motion 
(clear  arrows),  and  dense  cytoplasm  containing  organels  was 
ready  to  roll  off  the  substrate  (dark  arrows)  in  the  process 
of  motion.  Bar  =  10  um. 

Fig.  6.  Stretched  amoebae  during  the  first  3-7  hours  of  multiple 
fission.  The  cells  released  their  food  content  and  have  been 
dividing  repeatedly.  Thin  cytoplasmic  strings  (dark  arrows) 
about  to  break  apart,  are  the  last  bridge  between  the 
dividing  cytoplasm.  A  small  nonmotile  cell  (clear  arrow), 
typical  progeny  of  multiple  fission  is  marked  by  the  celar 
arrow.  Dactylopodia  can  also  be  seen.  Bar  10  um. 

Fig.  7.  Two  giant  Trichosphaerium  (Morph-III,  black  arrows) 

surrounded  by  Morph-I  cells  (clear  arrows).  The  giants  are 
lighter  in  color,  an  indication  of  lack  of  food  in  the 
cytoplasm.  The  smaller  is  200x400  um,  the  larger  800x1,400 
um.  The  size  of  the  surrounding  cells  range  between  40-150 
um.  The  giants  were  formed  by  fusion  of  Morph-I  cells.  Bar  = 
150  um. 

Fig.  8.  A  giant  in  the  process  of  formation.  Present  length  is 
2,560  um.  The  cell  test  and  membrane  are  distinct  as  the 
cell  releases  the  content  of  its  food  vacuoles  (clear 
arrow).  The  reticulate  nature  of  the  merging  cells  may  be 
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elaborate .  Giants  as  large  as  5  non  in  diameter  were 
observed.  Bar  3  40  urn. 

Fig.  9.  Mini  cells  (Morph- IV,  2x3-5  um,  dark  arrows)  immerged  out 
of  a  Trichosphaerium  similar  to  the  one  in  the  center  of  the 
field  (clear  arrow).  Their  snake-like  motility  isa  expressed 
in  their  generally  sigmoid  shapes.  Bar  3  15  um. 

Fig.  10.  Mini  cells  three  days  after  release.  What  were  uniform, 

2x5  um  cell  at  release  (larger  clear  arrow),  have  fused  into 
cells  of  variable  sizes.  Fusents  of  two  and  more  mini  cells  can 
clearly  be  distinguished  ( dark  arrow  heads ) .  Some  assume 
amoeboid  forms  and  motion.  A  20  um  cell,  a  progeny  of 
multiple  fission  (Morph-II),  presents  a  good  reference  for 
size  and  form  (dark  arrow) .  Bar  =  6  um. 

Fig.  11.  Transformed  Morph-I  cells  (clear  arrows)  releasing  mini 
cells  (dark  arrows).  Bar  3  10  urn. 

Fig.  12.  A  raini-giant  (Morph-V)  formed  a  week  after  release  of 

mini  cells.  It  is  not  known  whether  the  reticulate  form  was 
created  by  the  fusing  mini-cells  or  by  secondary  motility  of 
the  already  formed  giant.  Bar  3  15  um. 

Fig.  13.  Clustered  amoebae  (large  clear  arrow)  attached  to  each 
other  as  well  as  to  the  substrate.  Clusters  formed  in 
cultures  where  the  cells  were  starved  and  the  only  particles 
in  the  vessel  were  amoebal  feces  (small  clear  arrow). 
Occasionally  cells  detache  from  the  cluster  and  migrate  away 
or  settle  within  close  vecinity  to  the  source  cluster  (dark 
arrow) .  The  later  were  likely  to  move  back  and  reattach  to 
the  cluster. 
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Fig.  14.  Dedifferentiating  cluster.  Two  to  four  week  old  clusters 
did  disperse  and  their  cells  became  motile  and  migrated  in 
search  of  food.  Allatched  cells  formed  lobopodia  at  the 
direction  of  motion  (dark  arrow) .  When  cluster 
dedifferentiation  occured,  all  of  the  cluster  cells  went 
through  the  process  within  no  longer  than  5  minutes.  Time 
lapse  photography  revealed  that  the  rounded  cells  (clear 
arrow)  which  formed  the  body  of  the  clusters  were  healthy 
and  their  cytoplams  in  constant  motion. 

Fig.  15.  Trichospaherium  cells  containing  cyst-like  round  cells 
(dark  arrow)  were  occasioanlly  observed.  These  were  alive, 
as  indicated  by  their  streaming  cytoplasm.  However,  they 
were  not  seen  to  immerge  out  of  the  mother  test  (dark  arrow 
heads).  Bar  =  10  urn. 

Fig.  16.  Rare  formation  of  pairs  was  observed  on  three  different 
occasions.  The  paired  cells  remained  paired  for  at  least  one 
week,  and  then  parted.  Their  morphology  ana  general  motion 
after  detaching  from  each  other  were  undistinguishable  from 


Morph- I  cells. 
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Summary 


The  binding  characteristics  of  7  different  FITC-conjugated  lectins  with  7 
species  and  1  strain  of  marine  amoebae  were  examined.  This  survey  identified 
8  different  binding  compartments  in  the  cell.  Although  there  was  little  congruity 
in  binding  action,  even  within  a  single  genus,  the  survey  did  highlight  cases 
where  lectin  binding  has  diagnostic  application  in  the  identification  of  cLosely 
related  and  morphologically  similar  amoebae.  Moreover,  one  strain  of  amoeba, 
Paramoeba  HB  showed  unique  cytoplasmic  binding  with  Triticum  vulgaris 
agglutinin  (WGA).  The  fine  structure  of  this  amoeba  was  examined  and  a 
vesicular  cytoplasmic  region  was  identified  as  the  probable  site  of  WGA- 
binding.  The  applicability  of  lectin  binding  for  the  identification  and  study  of 
marine  amoebae  is  discussed. 


Introduction 


Lectins  are  proteins  which  bind  specifically  to  carbohydrate  moieties  of 
complex  carbohydrates,  glycoproteins  and  giycolipids.  First  described  from  the 
seed  of  olams,  lectins  are  now  known  to  be  widely  distributed  among  viruses, 
bacteria,  plants  and  animals  (GOLD  and  BALDING  1975)  where  they  exhibit 
an  array  of  interesting  biological  and  chemical  properties.  However,  it  is  their 
capacity  to  act  as  cell  surface  recognition  molecules  that  has  aroused  most 
interest  (e.g.  WEIR  I9b0)  and  they  are  now  popular  biochemical  tools  in  cell 
biology  often  finding  application  as  discriminatory  agents  (ETZLER  1985). 

Lectins  have  been  used  to  idennfy  sugar  residues  in  a  variety  of  free-living 
protozoa,  particularly  the  ciliates  Paramecium  (MERKEL  et  al.  1981;  LUTHE 
and  PLATTNER  1986;  LUTHE  et  al.  1986;  ALLEN  et  ai.  1988),  Euplotes 
(LUEKEN  et  al.  1981),  Stentor  (MALONEY  1984,  1986,  r988)  and 
Teirahymena  (FRISCH  and  LOYTER  1977;  WATANABE  et  al.  1981).  To  date, 
no  free-living  marine  amoebae  have  been  examined  for  lectin-binding  activity 
although  Con  A  has  been  used  to  determine  the  involvement  of  glycoproteins 
on  the  cell  surface  of  freshwater  Acanthamoeba  during  phagocytosis  (BROWN 
et  al.  1975),  to  study  surface  compartments  involved  in  the  locomotion  of 
Naegleria  (PRESTON  et  al.  1975^  and  to  distinguish  between  species  of 
Naegleria  (De  JONCKHEERE  et  al.  1984). 

We  reasoned  that  the  specificity  of  action  of  lectins  could  make  them 
powerful  biochemical  tools  in  the  identification  of  naked  amoebae;  a  difficult 
group  to  identify  to  species  because  of  the  lacx  of  objective  diagnostic  features 
(ROGERSON  1988).  Thus,  in  an  attempt  ic  define  diagnostic  applications  of 
lectin  binding  in  amoebae,  this  descriptive  study  examines  binding  sites  in 


amoebae  from  different  genera.  The  study  follows  and  complements  an  earlier 
investigation  of  novel  cytologicai  staining  methods  which  have  application  in  the 
identification  of  marine  gymnamoebae  (ROGERSON  1988). 


Materials  and  Methods 

Cultures.  Cultures  were  obtained  from  the  Culture  Collection  of  Algae  and 
Protozoa  (CCAP),  Windermere,  England,  United  Kingdom.  Detailed  procedures 
on  culture  methods  are  given  elsewhere  (PAGE  1983)  and  only  brief  details  are 
included  here.  Mayorella  kuwaitensis  (CCAP  1547/1)  and  M.  gemmifera  (CCAP 
1457/8)  were  cultured  in  lya^n’s  Erdshreiber  medium  and  C75S  medium 
respectively  with  bacteria  (an  unidentified  species  of  Pseudomonas ),  fungi  and 
flagellates.  Paramoeba  pemaquidensis  (CCAP  1560/4),  P.  aestuarina  (CCAP 
1560/7)  and  P.  invadens  (CCAP  1560/8)  were  cultured  on  MY75S  agar  with 
Pseudomonas: ;  P.  eilhardi  (CCAP  1560/2)  was  grown  in  F/fyn’s  Erdschreiber 
liquid  medium  with  the  same  bacterium.  Two  additional  amoebal  isolates  were 
examined.  An  undescribed  species  of  Paramoeba ,  morphologically  similar  to  P. 
pemaquidensis,  was  collected  from  below  the  sea  ice  in  Hudson  Bay,  Canada  by 
Dr.  M.  Lewis  of  Dalhousie  University,  Halifax,  Nova  Scotia,  Canada.  Clones 
were  isolated  and  maintained  on  MY75S  agar  with  Pseudomonas.  This 
Paramoeba  has  been  used  in  a  previous  study  where  it  was  designated  research 
strain  HB.  Trichosphaerium  AM- 1-7  is  a  marine  isolate  from  California, 
maintained  in  liquid  culture  (C75S  with  bacteria)  and  described  by  POLNE- 
FULLER  (1987). 

Lectin  binding.  Lectins  conjugated  with  fluorescein  isothiocyanate  (FITC) 
were  purchased  from  Vector  Laboratories  (Burlingame,  CA,  U.S.A.).  These, 
together  with  their  nominal  sugar  specificities  (ARAvrO  et  al.  1980),  were  as 


follows:  Ulex  europeus  agglutinin  (UEA-l;<*-L-fucose),  concanavalin  A  (Con-A; 
^-D-glucose  and  ^-D-mannose),  Ricinus  communis  agglutinin  (RCA  120;  ^-D- 
galactose),  Dolichos  biflorus  agglutinin  (DBA;  N-acetyl-  ouD-gaiactosamine), 
Triticum  vulgaris  agglutinin  (WGA;  N-acetyl- ^-D-glucosamine)  and  Arachis 
hypogaea  agglutinin  (PNA;  N-acetyl-D-galactose-jS-galactose). 

To  investigate  lectin-carbohydrate  interactions  in  amoebae,  cells  from 
exponentially  growing  cultures  were  washed  off  agar  surfaces  with  sterile 
filtered  seawater  or  decanted  from  liquid  cultures  and  concentrated  by  gentle 
centrifugation.  Cells  were  washed  2  times  in  seawater  before  fixing  in  8% 
formaldehyde  (diluted  with  filtered,  sterile  seawater)  for  30  min.  This  fixation 
protocol  ensured  that  membranes  were  poorly  preserved  thereby  allowing 
penetration  of  lectins  into  the  cell.  After  3  washes  in  sterile  medium,  cells  were 
concentrated  in  1  mi  of  medium  to  which  40  pg  of  lectin  was  added.  Amoebae 
were  labelled  for  30  min,  washed  3  times  in  fresh  medium  and  examined  on  a 
Zeiss  Photomicroscope  HI  with  epifluorescence.  Photographs  were  recorded  on 
Kodak  Tri-X  film  with  exposure  times  between  10  and  90  s. 

Electron  Microscopy.  The  Par  amoeba  HB  isolate  showed  a  unique 
cytoplasmic  staining  feature  with  WGA.  In  an  attempt  to  identify  this 
cytoplasmic  structure  at  the  ultrastructural  level,  cells  were  examined  by  TEM. 
Amoebae  were  fixed  simultaneously  for  20  min  in  2%  glutaraldehyde  and  1% 
osmium  tetroxide  made  up  in  a  50:50  mix  of  seawater  and  0.1M  sodium 
cacodylate  buffer  (pH  7.2,  temp.  4  C).  After  4  washes  in  cold  distilled  water, 
cells  were  dehydrated  through  a  graded  acetone  series  (30%  to  100%)  and 
embedded  overnight  in  Spurr’s  resin.  Thin  sections  were  stained  with  uranyl 
acetate  and  lead  citrate  and  examined  in  a  Philips  300  TEM. 
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RESULTS 

Lectin-binding  identified  a  total  of  8  different  cellular  compartments  among 
the  range  of  amoebae  examined.  These  are  listed  in  Table  1  and  examples  of 
each  are  illustrated  in  Figs  1  to  8.  They  include  the  cell  surface,  cytoplasm, 
digestive  vacuoles  (ie.  membranes  and/or  contents),  nucleus,  nucleolus,  nuclear 
membrane,  parasome  and  cytoplasmic  vesicular  regions. 

The  most  consistent  lectin-carbohydrate  binding  pattern  occurred  between  Con 
A  and  the  cell  surface.  In  amoebae  this  surface,  or  glycocalyx,  is  often 
structurally  complex  (Fig.  12).  The  uniform  bright  fluorescence  (Fig.  1)  clearly 
delineated  the  morphology  of  the  cell  and  occasional  surface  features  such  as  the 
pores  (Fig.  2)  of  the  walled  amoeba  Trichosphaerium.  None  of  the  other  lectins 
surveyed  gave  the  same  degree  of  binding  consistency  as  Con  A;  nevertheless, 
some  generalizations  can  be  drawn. 

The  genus  Paramoeba  was  unique  in  that  some  component  of  the  nucleus, 
usually  the  nuclear  membrane,  bound  Con  A  (Table  1).  However,  it  should  be 
noted  that  while  none  of  the  other  genera  showed  nuclear  binding  of  Con  A,  the 
possibility  of  a  weak  interaction  being  masked  by  the  intense  wail  binding, 
characteristic  for  this  lectin,  cannot  be  discounted. 

The  lectin  UEA-1  labelled  the  cell  surface,  cytoplasm  or  nucleus  of  most  of 
the  Paramoeba  spp.  (Table  1).  A  notable  exception  to  this  trend  was  found  in 
the  case  of  Paramoeba  HB  which  showed  no  binding  with  UEA-1.  This 
negative  result  is  a  useful  observation  for  the  histochemical  identification  of  this 
particular  isolate.  Similarly,  the  cell  surface  and  nucleus  of  Mayorella 
kuwaitensis  bound  UEA-1  whereas  no  binding  was  evident  in  the 
morphologically  similar  species  M.  gemmifera. 

The  lectin  RCA  120  bound  to  components  of  the  digestive  vacuole 
compartment  of  M.  kuwaitensis  and  Trichosphaerium  and  to  the  cytoplasm  and 


nucleus  of  both  Mayorella  spp.,  but  failed  to  bind  to  any  of  the  Paramoeba 
spp. 

The  lectins  SB  A,  DBA  and  PNA  all  showed  variable  binding  action.  Many 
of  the  amoebae  examined,  notably  the  mayorellas  and  Trichospkaerium,  did  not 
bind  these  lectins  (Table  1).  Where  positive  results  were  observed,  surface 
and/or  cytoplasmic  interactions  predominated.  Again,  it  is  the  anomalous  results 
that  are  of  greatest  interest.  For  example,  the  results  in  Table  1  show  that  the 
binding  of  PNA  to  the  nucleus  of  P.  pemaquidensis  distinguishes  it  from  the 
other  paramoebas  and  that  nuclear  binding  of  DBA  distinguishes  P.  invadens 
from  the  morphologically  similar  Paramoeba  (HB)  and  P.  pemaquidensis. 

The  lectin  which  showed  the  greatest  range  of  binding  action  was  WGA.  In 
many  instances,  specific  components  of  the  nucleus  were  stained  (TabLe  1).  This 
lectin  also  bound,  albeit  unpredictably,  to  the  cell  surface,  cytoplasm  or  digestive 
vacuoles  of  the  different  amoebae  surveyed.  In  P.  eilhardi  and  Paramoeba  HB, 
WGA  stained  the  parasome,  the  DNA-rich  intracellular  bodies  characteristic  of 
amoebae  belonging  to  the  genus  Paramoeba.  An  intriguing,  and  unique,  binding 
pattern  with  WGA  was  observed  in  Paramoeba  HB.  Two  brightly  fluorescent 
regions  were  a  prominent  feature  in  the  majority  of  cells  examined.  These 
unique  sites  were  located  in  the  cytoplasm,  frequently  in  pairs  close  to  the 
nucleus  and  parasome  (Fig.  8). 

To  further  determine  the  nature  of  the  WGA-binding  sites  and  general 
ultrastructural  features  of  Paramoeba  HB,  cells  were  examined  by  TEM.  The 
cell  surface  of  this  amoeba  is  covered  by  a  giycocaiyx  composed  of  tightly 
packed  tubular  elements  (Fig.  12).  Few  hairs  or  filaments  were  detected  on  the 
surface.  The  spherical  nucleus  had  a  prominent  central  nucleolus.  As  is  often  the 
case  in  this  genus,  the  nucleus  was  closely  apposed  to  the  parasome,  partially 
surrounding  it  (Fig.  9),  however,  no  connections  between  these  structures  were 
found.  The  parasome  had  two  end  poles  (only  one  is  shown  in  the  oblique 
section,  Fig.  9)  and  a  middle  region  containing  fibrillar  material.  The  cytoplasm 
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was  characterised  by  numerous  vacuoles  and  vesicles  (Fig.  10).  Vacuoles 
recently  phagocytosed,  i.e.  still  possessing  an  intact  gly cocalyx,  had  an  angular 
appearance  (Fig.  11).  Mitochondria  were  elongate,  about  1  pm  in  length,  with 
tubular  cristae.  No  Golgi  stacks  were  observed  although  a  vesicular  region  with 
possible  similar  function  was  found  in  the  cytoplasm  adjacent  to  the  nucleus 
(Figs.  13  -  14).  The  location,  size  (1.0  -  1.5  pm)  and  paired  nature  of  these 
vesicular  inclusions  suggests  that  they  are  the  sites  of  WGA-binding  observed 
in  this  strain  of  Paramoeba. 


DISCUSSION 

Binding  of  Con  A  to  the  cell  surface  of  amoebae  was  dramatic,  but  hardly 
surprising  in  view  of  the  glycoprotein-rich  cell  coat  (glycocalyx)  which  covers 
most  amoebae  (PAGE,  1983).  Although  the  morphology  of  these  coats  is 
markedly  different  between  genera  (surface  structure  being  one  of  the  most 
objective  diagnostic  characters  in  the  identification  of  amoebae)  they  share  a 
common  binding  affinity  for  Con-A.  This  indicates  some  chemical  conservation 
in  the  glycoprotein  coat  of  dissimilar  marine  amoebae,  at  least  in  terms  of  the 
exposed  ®4.-D-mannose  and  oC-D-giucose  moieties.  It  should  be  remembered, 
however,  that  Con  A  is  broader  than  other  lectins  in  terms  of  specificity  and  it 
will  also  bind  to  closely  related  sugars  (SHARON  et  al.  1979).  Similar  surface 
binding  with  Con  A  has  been  reported  for  the  freshwater  amoeboflagellate 
Naegieria  (PRESTON  et  al.  1975).  While  uniform  surface  binding  of  Con  A  is 
not  unique  to  amoebae,  most  studies  with  other  protozoa  report  less  regular 
binding  of  this  lectin.  Typically,  binding  sites  are  either  less  distinct  or  restricted 
to  specific  regions  of  the  cell  surface  (FRISCH  and  LOYTER  1977;  LUEKEN 
et  al.  1981;  WATANABE  et  al.  1981;  ALLEN  et  al.  1988).  The  delineation  of 
the  entire  surface  and/or  cytoplasm  of  amoebae  with  FITC-Con  A,  regiu dless  of 


species,  may  have  application  in  the  enumeration  of  amoebae  from  open  water 
samples  and  from  experimental  cultures.  If  the  levels  of  organic  floe  and  debris 
are  low  in  the  samples,  it  should  be  possible  to  discern  fluorescing  amoebae  in 
fixed  and  stained  material  in  the  same  way  that  the  fluorochrome  DAPI  has  been 
used  for  visualising  nano-  and  pi  co-plankton  collected  on  filters  (eg.  FINLAY 
et  al.  1988). 

In  the  most  recent  classification  scheme  proposed  for  the  naked  amoebae 
(PAGE  1987),  P.  pemaquidensis  and  P.  aestuarina  have  been  transferred  to  the 
new  genus  Neoparamoeba.  This  leaves  P.  eilhardi  in  the  family  Paramoebidae 
being  more  closely  related  to  the  genera  Mayor ella  and  Dactylamoeba.  Although 
the  present  study  was  not  designed  to  examine  taxonomic  relationships,  it  is 
worth  noting  that  on  the  basis  of  lectin  binding,  P.  eilhardi  is  more  similar  to 
the  paramoebas  than  to  Mayorella  (Table  1,  Con  A  and  RCA  120).  Further  work 
with  lectin  binding  may  help  in  these  distinctions  but  for  the  present  we  have 
retained  the  genus  name  Paramoeba  for  all  those  species  containing  a  parasome. 


In  all  Paramoeba  surveyed  in  this  study  Con  A  bound  to  some  component  of 
the  nucleus,  usually  the  nuclear  membrane.  Similar  findings  have  been  reported 
for  Paramecium  (ALLEN  et  al.  1988)  and  in  vertebrate  cells^gly coproteins  with 
Con  A  binding  affinity  are  major  components  of  the  nuclear  membrane  pore 
complex  (GERACE  et  al.  1982).  However,  the  lectin  with  the  greatest  affinity 
for  nuclear  components  in  amoebae  was  WGA,  an  acetyl  glucosamine  specific, 
lectin.  Here,  the  nuclear  membrane  and  nucleolus  were  common  binding  sites 
which  is  consistent  with  binding  in  mammalian  cells.  Glycoproteins  of  the 
nuclear  pore  complex  bear  N-acetyl  glucosamine  groups  (TORRES  and  HART 
1984)  as  do  some  glycoproteins  of  the  nuclear  interior,  nuclear  envelope  and 
cytoplasm  (HOLT  and  HART  1986). 

Most  of  the  other  lectins  examined  failed  to  exhibit  the  same  degree  of 
consistency  of  action  that  was  seen  for  Con  A  and  for  WGA.  Nevertheless,  these 
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lectins,  if  treated  on  an  individual  basis,  are  interesting  since  they  give  binding 
patterns  that  have  application  in  selected  research  areas.  For  example,  the  ability 
of  RCA  120  to  delineate  digestive  vacuoles  in  Trichosphaerium  has  allowed  the 
histochemicai  separation  of  digestive  vacuoles  from  perialgai  vacuoles 
containing  endosymbiotic  dinoflagellates  in  this  amoeba  (ROGERSON  et  al.  in 
press).  The  lectin  survey  also  provides  novel  diagnostic  features  for  the  rapid 
identification  of  morphologically  similar  amoebae.  For  example,  the  binding  of 
UEA-1,  a  fucose-binding  lectin,  to  the  surface  of  M.  fcuwaitensis  but  not  to  the 
cuticle  of  M.  gemmifera  was  unexpected,  given  the  ultrastructural  similarity  of 
these  two  surface  coats,  but  fortuitous  since  it  provides  a  method  for 
distinguishing  between  these  alike  mayorellids.  Similarly,  UEA-l  and  DBA 
failed  to  bind  to  Par  amoeba  HB  yet  labelled  P.  aestuarina,  P.  invadens  and  P. 
pemaquidensis  thereby  providing  a  rapid  method  for  distinguishing  this  isolate 
from  the  other  common  species.  Moreover,  while  the  binding  of  Con  A  to  the 
parasomes  in  only  three  out  of  the  five  paramoebas  is  diagnostically  interesting 
it  also  suggests  that  these  endosymbiotic  inclusions  have  different  chemical 
fingerprints  and  thus  may  be  of  polyphyletic  origin. 

Although  Paramoeba  HB  resembles  P.  pemaquidensis,  lectin-binding  has 
shown  several  important  differences  which  may  warrant  a  new  species 
description  for  this  isolate  in  the  future.  In  particular,  WGA  identified  two  bright 
fluorescent  regions  in  the  cytoplasm  of  the  majority  of  cells  examined.  At  the 
ultrastructural  level,  two  cytoplasmic  vesicular  regions  were  found  which, 
because  of  their  size  and  location,  were  the  probable  sites  of  WGA-binding.  It 
is  possible  that  these  bodies  function  as  Golgi  complexes  perhaps  glycosylating 
the  WGA-binding  glycoproteins.  One  of  the  unique  features  of  Paramoeba  HB 
is  that  it  was  isolated  from  below  the  sea  ice  where  temperatures  are  typically 
less  than  O'C.  It  is  tempting  to  speculate,  therefore,  that  these  vesicles  contain 
localisations  of  glycoprotein  cryoprotectants,  similar  to  the  glycoproteins  found 
in  the  sera  of  most  Antarctic  fishes  (De VRIES  1971). 


While  the  present  study  did  not  show  a  high  degree  of  conservation  of  lectin¬ 
binding  across  the  genera  and  species  examined  it  did  highlight  some  interesting 
lectin  interactions  which  could  be  used  for  distinguishing  between  alike  species 
and  as  a  biochemical  tool  in  selected  studies  requiring  the  histochemical 
localisation  of  cellular  formed  elements. 
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Figure  Legends 


Figs.  1-8.  Fluorescent  micrographs  illustrating  the  8  FITC-lectin  binding  sites 
in  the  amoebae  shown  in  Table  1.  Bar  =  10  pm  throughout.  1.  Paramoeba 
eilhardi  treated  with  Con-A.  Cell  surface  (S).  2.  Trichosphaerium  AM-I-7 
treated  with  Con-A.  Cell  surface  (S);  pore  (P).  3.  Mayorella  kuwaitensis  treated 
with  WGA.  Nuclear  membrane  (NM);  nucleolus  (NU).  4.  P.  eilhardi  treated 
with  DBA.  Nucleus  (N);  cytoplasm  (C).  5-6.  Trichosphaerium  AM-I-7  treated 
with  WGA.  Digestive  vacuoles  (DV),  delineated  by  the  vacuole  contents  in  Fig 
5  and  by  the  vacuole  membrane  in  Fig  6.  7.  P.  eilhardi  treated  with  WGA. 
Nucleus  (N);  parasome  (P).  8.  Paramoeba  HB  treated  with  WGA.  Nucleus  (N); 
vesicular  region  (VR). 


Figs.  9-14.  Electron  micrographs  of  Paramoeba  HB.  Bar  =  1.0  pm  except  for 
Fig.  12  where  bar  =  0.5  pm.  9.  Parasome  (P)  closely  apposed  to  the  nucleus.  No 
connections  were  observed  between  the  parasome  and  nucleus.  Parasomes  had 
two  electron  dense  poles  (E);  only  one  shown  in  this  oblique  section.  10-11. 
Cytoplasmic  regions  with  numerous  vacuoles  and  vesicles.  Note  the  angular 
appearance  of  recently  endocytosed  vacuoles  (i.e.  those  with  an  intact 
glycocalyx,  G).  12.  Surface  of  amoeba  with  plasma  membrane  (PM)  and 
glycocalyx  (G)  composed  of  tubular  elements.  13-14.  Cytoplasmic  region 
adjacent  to  the  nucleus  showing  the  vesicular  regions  (VR),  often  found  in  pairs. 


TABLE  L: 


Comparison  of  lect in-binding  sices  in  3  species  of  marine  amoebae. 


lectins 

Species 

UEA-1 

Con  A 

RCA120 

SBA  DBA 

WGA 

PNA 

Mayorella 

kuwaitensis 

S,N 

S 

DV,  C 

N 

- 

S,ND 

NM.DV 

- 

Mayorella 
gemmif era 

- 

S 

NU,C 

C.N 

NU.NM 

C 

Trichosohaerium  - 

(AM- 1-7) 

S 

I'V 

-  - 

DV 

- 

Paramoeba 

aestuarina 

S  or  C 

S 

N,P 

- 

s  s 

S  or  C 
N,  NTJ 

S  or  C 

Paramoeba 

eilhardi 

C.N 

S.NM 

P 

— 

C.N 

DV 

S  or  C 
DV 

N 

— 

Paramoeba 

invadens 

C 

S.NM 

- 

C  S  or  C 

NM,  Nil 

S  or  C 
NM.NU 

S  or  C 

Paramoeba 

(HB) 

- 

3 

m 

- 

- 

NH.NU 

VR 

- 

Paramoeba 

oemaauidensis 

S  or  C 

N- 

S.NM 

C  C 

N.NU 

DV 

C.N 

-  3  no 

binding; 

S  3  ceil 

surface; 

DV  =■  digestive  vacuole; 

C  3  cytoplasm;  N  3  nucleus;  NM  3  nuclear  membrane; 


NU  =  nucleolus;  P  3  parasome; 


VR  =  vesicular  region. 
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Abstract 

A  laboratory- induced  association  between  the  marine  amoeba  Trichosphaerium 
and  the  dinoflageilate  Symbtodinium,  originally  isolated  from  the  anemone 
Aiptasia  pulchella  was  examined.  When  cultured  with  algae,  individual  amoebae 
incorporated  approximately  260  algae  within  3  weeks  partitioning  them  intra- 
cellularly  within  vacuoles.  Once  established,  the  association  survived  for  over 
2  years  in  culture.  When  dinoflagellates  were  abundant  in  the  medium,  the  ap¬ 
parent  turnover  time  of  the  algal  population  was  close  to  30  hr,  but  when  algae 
were  excluded  from  the  medium  amoebae  retained  a  stable  complement  of  in¬ 
tracellular  algae.  Typically,  about  97.8%  of  the  dinofiagellates  phagocytosed  by 
amoebae  in  the  light  remained  viable  for  at  least  one  week;  while  in  the  dark 
only  82.2%  of  the  algae  were  viable.  The  transfer  of  photosynthetic  products 
from  alga  to  amoeba  was  9.8%  of  total  uC-labeiled  photoeynthate..  This  may 
account  for  the  slightly  shorter  generation  times  of  amoebae  with  algae  grown 
in  the  Light  (49.8  hr)  versus  those  in  the  dark  (54.6  hr).  The  potential  for  us¬ 
ing  this  novel  laboratory  system  to  investigate  algai/invertebrate  associations  is 
discussed. 

Keywords:  association,  dinoflageilate,  marine  amoeba,  Symbiodinium,  symbiosis, 
Trichosphaerium 
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1.  Introduction 

Trichosphaerium  is  a  common  genus  of  marine  amoeba  comprising  three 
named  species  (Page,  1983).  It  is  an  unusual  amoebae  in  that  it  resembles  a 
naked  form  under  the  light  microscope  but  in  high  osmoticum  medium  and 
at  the  EM  level,  a  thin  flexible  outer  test  can  be  seen  either  with  or  without 
calcareous  spicules.  The  test  has  many  pores  through  which  cytoplasmic 
protrusions,  or  dactylopodia,  project  and  it  is  these  distinctive  pseudopodia 
which  facilitate  the  identification  of  the  genus  Trichosphaerium. 

Trichosphaerium  has  been  frequently  isolated  by  the  authors  and  others 
(Angell,  1975,  1976;  Page,  1983)  from  neritic  regions  throughout  the  world 
but  these  isolates  have  never  been  reported  to  harbor  symbiontic  algae. 

Among  the  marine  Sarcodina,  those  protists  bearing  pseudopodia  of  one 
form  or  another,  only  the  foraminiferans  (Lee,  1983;  Lee  and  McEnery, 
1983),  radiolarians  (Anderson,  1983)  and  acantharians  (Febvre  and  Febvre- 
Chevaiier,  1979)  have  been  shown  to  sequester  algal  symbionts.  In  the  case 
of  foraminiferans,  the  retention  of  symbionts  is  a  very  common  phenomenon 
and  they  incorporate  a  broad  range  of  algal  types  including  dinoflagellates, 
chlorophyceans,  diatoms  and  a  unicellular  rhodophyte  (reviewed  in  Smith 
and  Douglas,  1988).  Moreover,  several  marine  protists,  notably  oligotrich  cil- 
iates  and  foraminiferans,  have  been  shown  to  sequester  the  chloroplasts  of  the 
algae  upon  which  they  feed  (Lavai-Peuto  and  Febvre,  1986;  Lee  and  Lanners, 
1988). 

While  the  aforementioned  symbiotic  associations  are  relatively  common 
in  the  marine  plankton,  they  do  not  lend  themselves  to  experimentation  as 
few  of  the  protozoan  hosts  can  be  successfully  cultivated  in  the  laboratory. 
Trichosphaerium,  on  the  other  hand,  grows  with  ease  in  the  laboratory  on 
a  bacterial  diet  or  on  a  variety  of  micro-  and  macro-  algae  (Polne-Fuller, 
1987).  During  experiments  testing  for  suitable  food  sources  it  was  found  that 
this  amoeba  readily  sequestered,  rather  than  digested  cells  of  the  symbiotic 
dinoflagellate  Symbiodinium  sp.  #8. 

It  is  generally  accepted  that  there  are  complex  recognition  processes  in¬ 
volved  in  the  establishment  of  associations  between  microalgae  and  inver¬ 
tebrates  (Trench,  1988).  However,  little  is  known  about  the  mechanisms 
controlling  this  phenomenon.  Trichosphaerium ,  in  association  with  its  di¬ 
noflagellate  symbionts,  may  provide  a  unique  model  for  future  studies  on 
protozoan/aiga!  symbiosis  and  in  a  broader  context  a  model  for  studying 
cell-cell  recognition.  Towards  this  end,  we  present  a  detailed  description  of 
this  novel  laboratory-induced  association. 
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.  Materials  and  Methods 
tdture 

Trichosphaerutm  AM-I-7  was  isolated  from,  the  brown  alga  Sargassum  mu- 
cam,  collected  at  Alegria  Beach,  Santa  Barbara  County,  CA.  Full  details 
i  culture  and  isolation  procedures  for  Triehosphaerium  are  given  elsewhere 
?olne-Fuller,  1987).  Stock  cultures  of  axenic  amoebae  were  maintained  on 
round  and  autoclaved  algae  in  PES  enriched  seawater  (Provasoli,  1968). 
moebae  were  also  cultured  on  bacteria  in  Cerophyl /seawater  (C7medinm 
3 age,  1983).  The  dinoflagellate  Symbiodinium  sp.#8  was  originally  isolated 
am  the  sea  anemone  Aiptasia  pxilchtlla.  It  was  maintained  in  axenic  culture 
i  ASPS  A  (Ahles,  1967). 

■stablishment  of  association 

Three  methods  were  used  to  establish  the  amoeba!/ algal  laboratory  as¬ 
sertion.  The  first  method  mixed  axenicaily  reared  Symbiodinium  and 
rtahosphaerittm  in  PES  medium.  The  two  other  methods  had  bacterial  prey 
resent  promoting  amoebal  replication.  One  of  the  bactexised  procedures 
sed  organically  rich  C75S  medium  which  encouraged  luxuriant  bacterial 
rowth.  The  other  method  used  PES  artificial  medium  which,  because  of 
s  low  organic  content  supported  only  a  background  bacterial  population, 
l  ail  cases  the  media  supported  dinofiagellate  growth  in  the  light.  When 
'richosphaerium  were  added,  they  ingested,  partitioned  and  sequestered  al- 
ae.  The  fastest  uptake  rates  of  the  algae  by  the  amoebae  occured  at  the 
acteriarfree  and  low  bacterial  cultures.  In  these  culture  systems,  in  all 
aboequent  experiments  (unless  noted)  the  concentration  of  HinnflaytiUtx 
•ee  on  the  bottom  of  the  culture  vessel  was  approximately  750  cells  mm'1. 


rptaJcc  rate  of  dinoflaqellates  by  by  amoebae 

For  reasons  of  convenience  the  incorporation  of  algae  by  amoebae  was  ex- 
mined  in  bacterized  cultures  using  PES  and  C75S  media.  The  number  of 
igal  ceils  incorporated  over  time  was  determined  by  counting  the  number  of 
is  25  randomly  selected  amoebae.  In  the  early  stages,  when  amoebae 
**^*°r®d  few  algae,  ceils  were  enumerated  directly  on  an  inverted  microscope. 

when  amoebae  contained  many  symbionts,  ceils  were  compressed  un- 
er  coversiips  and  algae  counted  at  higher  magnification. 
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Determination  of  growth  rate 

Individual  amoebae  were  micropipetted  into  0.5  mi  aliquots  of  media  in 
cavity  slides.  To  prevent  evaporation  and  contamination,  a  surface  layer  of 
sterile  paraffin  oil  was  added.  Conditions  in  each  experiment  varied.  Some 
amoebae  were  fail  of  symbiotic  algae  while  others  were  taken  from  cultures 
fed  on  bacteria  only.  Two  different  media  were  used  for  comparison  (C75S 
and  PES)  and  experiments  were  conducted  with  or  without  algae  in  the  light 
and  in  the  dark.  For  each  experiment,  15  replicates  were  set  up  and  the 
number  of  amoebae  counted  at  least  twice  daily.  Semilog  regressions  of  ceil 
count  against  time  (hr)  were  computed  for  the  exponential  phase  of  growth. 

Fate  of  ingested  algae 

The  nature  of  the  vacuoles  with  dinoflagellates,  (whether  they  were  diges¬ 
tive  or  perialgal)  was  examined  by  neutral  red  staining  and  by  lectin  binding. 
Neutral  red  stains  food  vacuoles  of  amoebae  from  red  to  yellow  depending 
upon  the  pH  of  the  vacuoles  (Finlay  et  al.,  1988).  Free  dinoflagellates  in 
the  media  were  examined  also  for  stain  accumulation.  This  gave  informa¬ 
tion  about  the  proportion  of  viable  and  n on-viable  algae  in  the  media.  Dead 
cells  with  completely  or  partially  degraded  cell  walls  stained  dark  red.  At 
least  1000  algal  cells,  sequestered  or  free,  were  counted  on  each  experimental 
occasjpn. 

The  lectins  Rieinus  communis  agglutinin  (RCA120)  and  Tritieum  vulgaris 
agglutinin  (WGA)  bind  to  the  digestive  vacuole  membrane  and  digestive  vac¬ 
uole  contents  of  Triehosphaerium  respectively  (unpublished) .  Lectins  conju¬ 
gated  with  FIT C,  were  purchased  from  Vector  Laboratories  (Burlingame, 
CA).  For  staining,  amoebae  were  fixed  in  &%  formaldehyde,  washed  in  PES 
medium  and  treated  for  30  min  with  40  fig  of  lectin  in  1  ml  of  medium.  After 
three  further  washes,  cells  were  examined  in  a  Zeiss  Photomicroscope  HI  with 
epifluorescence. 

Algal  divisions  within  Triehosphaerium  and  estimated  retention  time 

Individual  Triehosphaerium  packed  with  algae  were  compressed  under  a 
cover  glass  and  examined  at  lOOOx  magnification.  The  number  of  divid¬ 
ing  and  non-dividing  algae  in  20  amoebae  were  counted  directly  as  were  an 
equivalent  number  of  algae  free  in  the  medium.  Thin  sections  were  examined 
by  TEM  for  evidence  of  dividing  intracellular  dinoflagellates.  Procedures  for 
specimen  preparation  are  given  below. 
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To  estimate  the  rate  of  flux  of  algae  through  amoebae,  several  complemen¬ 
tary  methods  were  used.  Individual  amoebae  in  cu'tures  containing  free  di- 
noflagcllates  were  examined  in  an  inverted  microscope  with  low  illumination 
for  30  min  intervals  (n=20).  Over  this  period,  the  number  of  algae  ingested 
and  egested  by  Trichosphaenum  was  counted.  Amoebae  were  also  observed 
for  longer  time  intervals  using  time-lapse  photography.  These  experiments 
l asted  12-48  hr  and  photographs  were  recorded  every  2  min.  No  external 
free  dinoflagcilates  were  present  in  these  experiments.  Because  of  visual  lim¬ 
itation  due  to  the  orientation  of  large  numbers  of  algae  inside  an  amoeba, 
only  amoebae  with  10  or  less  sequestered  algae  were  examined;  higher  num¬ 
bers  of  intracellular  algae  were  impossible  “to  monitor  automatically.  The  final 
method  to  investigate  flux  rate  used  dinofiagellates  labelled  with  the  electron 
dense  marker,  cationized  ferritin  (Sigma  Chemical  Co.,  St.  Louis,  MO).  This 
label  readily  bound  to  the  cell  surface  of  Symbiodininm  when  used  at  a  con¬ 
centration  of  SO  p g  ml-1.  After  24  hr  of  exposure  to  labelled  algae,  amoebae 
were  fixed,  thin  sectioned  and  examined  by  TEM.  The  percentage  of  intracei- 
lularly  labelled  algae  (i.e.  those  ingested  within  24  hr)  to  non-iabefled  algae 
was  calculated. 

Electron  microscopy 

Amoebae  were  fixed  simultaneously  in  2%  glutaraidehyde  and  1%  osmium 
tetroxide  in  a  1:1  mixture  of  C75S  medium  and  0.1  M  sodium  cacodylate 
buffer  (pH  7.2),  at  4*C  for  30  min.  After  4  washes  in  cold  distilled  water,  cells 
were  dehydrated  through  an  acetone  series  and  embedded  in  Spurr  resin. 
Ultrathin  sections  were  stained  with  uranyl  acetate  and  lead  citrate  and 
examined  in  %  Philips  300  TEM.  Sections  containing  ferritin  labelled  ceils 
were  left  unstained. 

Transfer  of  photosynthctic  product  from  algae  to  amoebae 

Amoebae  packed  with  algae  were  incubated  for  1  hr  in  the  light  in  5  mi 
C75S  medium  containing  UC  sodium  bicarbonate  (total  activity,  S  pC).  The 
number  of  amoebae  was  determined  in  a  parallel  sample  by  subsampfing  and 
counting  the  ceils  in  10  pi  drops  (n=10).  After  the  1  hr  incubation,  amoebae 
were  washed  8  times  in  PES  medium.  One  sample  was  concentrated  by  cen¬ 
trifugation,  added  to  5  mi  of  Hydrofiuor  (National  Diagnostics,  Somerville, 
NJ)  and  counted  by  liquid  scintillation  spectrometry.  This  gave  a  measure 
of  the  total  incorporation  of  label  by  dinofiagellates.  A  second  sample  was 
washed  in  PES  and  placed  in  the  dark  for  18  hr.  When  Trichospkaerium 
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is  washed  in  inorganic  seawater  medium  (PES),  the  ceils  undergo  multiple 
fission  typically  dividing  into  a  large  number  of  small  (20  nm)  cells.  During 
the  process  of  fission  cells  eject  ail  their  vacuolar  content  thereby  provid¬ 
ing  a  convenient  method  for  separating  the  algal  and  amoeba!  components. 
After  18  hr,  released  algae  were  decanted  leaving  the  amoebae  adhering  to 
the  surface  of  the  culture  vessel.  Both  samples  (amoebae  and  algae)  were 
collected  separately,  rinsed  in  fresh  media,  pelleted  by  centrifugation  and 
counted  by  scintillation  counter.  Controls  used  amoebae  incubated  with  la¬ 
bel  in  the  dark  and  free  dinofiagellates  in  labelled  medium  in  the  light.  All 
translocation  experiments  were  repeated  three  times. 

The  transfer  of  labelled  photosynthetic  product  to  amoebae  was  verified 
by  autoradiography.  Procedures  were  as  described  but  instead  of  scintillation 
counting,  amoebae  were  air-dried  on  slides  and  coated  with  Kodak  NTB-2 
nuclear  track  emulsion.  After  10  days,  the  emulsion  was  developed  for  2  min 
(20*C)  in  undiluted  Kodak  D  19  and  the  number  of  silver  grains  overlying 
whole  cells  and  background  areas  compared. 

3.  Results 

The  laboratory  association  between  the  amoeba,  Trichosphacrium  AM-I-7 
(without  algae.  Fig.  1)  and  the  dinoflagellate,  Symbiodimvm  sp.  #8  sur¬ 
vived  for  over  2  yean  in  bacteria  free  PES  with  no  change  of  medium.  In 
C75S  medium  dense  populations  of  bacteria  took  over  the  cultures  killing  the 
amoebae. 

In  a  mature  association  single  amoebae  sequestered  over  100  algal  ceils 
and  commonly  260  -i-  49  S.D.  (n=2Q)  dinofiagellates  per  amoeba  (Fig.  2,  and 
front  cover  oictuze).  The  establishment  of  this  intracellular  algal  population 
was  as  follows:  after  an  initial  lag  phase  (up  to  100  hr)  in  which  uptake  rates 
of  algae  were  low  (typically  5  cells  in  total)  the  rate  of  'incorporation  of  algae 
increased  exponentially.  The  semilogarithmic  plot  describing  this  phase  had 
the  equation  y  =»  0.12s  —  0.418(r  =  0.987).  Thus  amoebae  sequestered  algae 
at  a  rate  of  about  1  ceil  h-1  up  to  a  saturation  ievei  of  about  260  algae.  This 
rate  is  similar  to  the  rate  of  incorporation  of  “inert'  plastic  beads  (15  nm 
diameter).  Here  the  slope  describing  the  exponential  phase  was  0.011  ( r  = 
0.901).  (Note:  ‘insert's  A  mutant  of  Triehotphaerium  Am.-/- 7  (presently 
under  investigation),  is  capable  of  degrading  and  digesting  plastic  polymers 
such  as  polyethelenes  and  polyvinyls.  Therefore  “inert”  plastic  beads  may  be 
recognized  by  Trichoaphacriitm  as  potential  food  source.) 

The  vast  majority  of  sequestered  dinofiagellates  were  maintained  intra- 
cell  ulariy  as  viable  cells.  Examination  of  algae  by  TEM  showed  that  the 


TRICSO SPHA SRI U M/S  YMBIODINIUM  ASSOCIATION 


235 


Figure*  1-4.  (1)  LM  of  Tnchoiphaenum  fed  bacteria.  Note  the  dactylopodia  (D)  which 
protrude  through  pore*  in  the  amoeba  test.  Bar  =  10  pn.  (2)  LM  of 
Tnchosp/iacnvm  partially  compressed  to  show  numerous  in tracelluJar  dino flag¬ 
ellates.  Bar  10  Mm.  (3)  TEM  of  Tnckotpkatnnm  showing  uxtacs  intracellular 
algae  f  A ) .  Bar  =  5  um.  (4)  TEM  of  Tnekos-'-tnum  with  diaod  -ilatc.  _ 
food  vacuole  showing  evidence  of  digestion,  i.  a  l3)  iao  is  vacuole,  su 
=»  3  Mm. 

majority  were  structurally  intact  (Fig.  3}  although  occasionally  partially  di¬ 
gested  or  autolysed  cells  in  vacuoles  were  observed  (Fig.  4).  This  result  was 
supported  by  staining  with  FITC-conjugated  lectins  specific  for  digestive 
vacuoles.  Vacuoles  full  of  digestible  ceils  (yeast,  Chiamydomonas,  ground 
macroalgae,  etc.)  stained  brightly  by  the  lectins  RCAlJ0  and  GWA  while 
lectin  treatments  on  amoebae  packed  with  Symbiodinutm  #8  failed  to  stain 
the  membranes  or  the  contents  of  vacuoles. 

The  proportion  of  both  free  and  sequestered  algae  undergoing  digestion  or 
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Tabla  1.  Percentage  of  dinodafallate*  accumulating  neutral  red  a  tarn  (i-e.  aon-viabla  cells) 
sad  percentage  of  algae  undergoing  cell  division-  Observation*  mad*  20  days  after 
inoculation  into  PES  media. 


Experimental 

condition 

Light/Dark 

Percentage1 

Staining  Dividing 

Symbutdininm  free 

L 

0.1 

6.5 

No  amoebae 

D 

0.2 

2.6 

Symkiodxnimm  free 

L 

0.5 

4.9 

With  unoabu 

D 

7.2 

0.1 

Symbiodxnium  sequestered 

L 

2.2 

5.2 

Within  unoabu 

D 

17.8 

0.4 

1  Percentages  based  on  at  least  1000  observations 


possibly  autolysis  was  estimated  by  staining  with  neutral  red  (Table  1  and 
Fig.  5).  Symbiodintum  free  in  the  medium  were  generally  intact  with  only 
0. 1-0.5%  taking  up  stain  when  cultures  were  kept  in  the  light.  However,  in 
the  dark  7.2%  of  free  dino flagellates  showed  staining.  The  majority  of  algae 
sequestered  by  amoebae  in  the  light  were  viable  (only  2.2%  stained).  In  the 
dark,  however,  many  more  intracellular  algae  showed  evidence  of  digestion 
or  autolysis  with  17.8%  up  neutral  red. 

Sequestered  algae  showed  some  evidence  of  replication  within  amoebae 
From  examination  of  thin  sections  by  TEM,  dividing  cells  were  occasionally 
observed  over  a  24  hr  period  (Fig.  6).  However,  comparisons  between  the 
number  of  dividing  intracellular  algae  and  dividing  free  algae  (Table  1)  did 
not  show  any  significant  differences. 

The  observed  low  rate  of  intracellular  replication  can  be  related  to  the  flux 
rate,  and  low  residence  time,  of  most  of  the  algae  within  the  host  amoebae. 
Using  cationized  ferritin  as  a  marker  to  identify  freshly  sequestered  dinoflag- 
ellates  (Figs.  7  and  8),  it  was  found  that  90%  of  the  algae  were  ingested  within 
a  24  hr  period  when  amoebae  were  in  culture  with  ample  free  dinoflagellates. 
Direct  observations  support  this  result.  During  a  series  of  30  min  observa¬ 
tions  (n=2Q)  the  mean  rate  of  uptake  was  10  ceils  hr- 1  with  the  release  of 
a  similar  number.  This  is  higher  than  the  rate  of  uptake  by  ceils  during  es¬ 
tablishment  of  the  association.  This  rate,  however,  implies  a  significant  daily 
turnover  in  line  with  that  indicated  by  ferritin  labeling.  When  similar  obser¬ 
vations  were  made  on  cells  in  media  with  no  free  dinoflagellates,  much  lower 
flux  rates  were  found.  Here  amoebae  retained  a  stable  resident  population  of 
algae  over  the  series  of  12  hr  observational  periods.  However,  these  amoebae 
contained  on  average,  only  15  dinoflagellates. 
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Figure*  5—8.  (5)  Sequestered  dinoflageilates  of  Trickotpkae-num  treated  with  neutral  red 
to  stain  partially  digested  vacuole*  (in  black).  Bar  3  10  tun.  (6)  TEM  of 
TnchatpAacnum  showing  recently  divided  intracellular  alga.  Amoeba!  cyto¬ 
plasm  (C).  Bar  3  5  tint.  (7)  TEM  (unstained  section)  shoering  part  of  a  wall  of 
a  free  dinodagellate  to  which  catioaiaed  ferritin  was  bound  (CF).  Bar  3  0.2  nm. 
(8)  TEM  (unstained  section)  showing  edge  of  recently  ingested  dinodagellate 
identified  by  its  catioaiaed  ferritin  (CF)  labeled  wall.  Amoeba  cytoplasm  (C). 
Bar  3  0.2  Mm. 


Growth  rates  of  amoebae  under  different  experimental  conditions  were 
computed  from  semilogarthimic  plots  (base  10)  of  the  exponential  phi0'  de¬ 
scribing  cell  counts  with  time.  These  rates,  and  corresponding  gene,  on 
times  are  given  in  Table  2.  Amoebae  packed  with  algae  and  cultured  in 
PES  with  ample  free  dinoflageilates  in  th .  stirrounding  medium  divided  af¬ 
ter  49.8  hr  in  the  light  and  34.6  hr  in  the  dark.  The  generation  time  of 
amoebae  in  PES  medium  without  free  dinoflageilates  was  327  hr  in  the  light; 
ceil  division  was  completely  suppressed  in  the  dark.  Tnchosphacrium  grown 
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Table  2.  Companion  of  growth  ma  and  nlmlated  generation  time*  of  TrichotphatriMm 
both  with  and  without  intracellular  OfmAtodtajam.  The  effect!  of  different  madia, 
light,  dark  and  whethtr  tree  dinoflageilates  were  added  to  the  culture  system  were 
examined. 


Pr»  experimental 
condition 

Culture 

medium 

Light/ 

dark 

With/ 

without 

algae 

Specific1 
growth 
rate  (hr-l) 

generation 
time  (hr) 

Amoeban  full  of 

PES 

L 

6.0  (1.8) 

49.8 

sequestered 

PES 

D 

+ 

5.5  (1.7) 

54.0 

dinoflageilates 

PES 

L 

- 

0.9  (0.4) 

327 

PES 

D 

uo  growth 

- 

Amoebae  full  of 

C7SS 

L 

- 

15.5  (A0) 

19.3 

sequestered 

dinoflageilates 

C7SS 

D 

" 

8.9  (2.0) 

22.7 

Amoebae  without 
dinoflageilates 
(bacterial  diet) 

C7SS 

L 

11.9  (2.5) 

25.2 

1  Specific  growth  rataa  (x  10“*);  all  regreaeiona  with  correlation  coefficients  (r)  0.9;  atandard 
deviations  in  parenthesis 


with  ample  bacteria  in  C7SS  mediam  either  with  or  without  sequestered 
dinoflageilates  grew  rapidly  and  divided  in  24  hr  or  less. 

The  percentage  of  total  l4C  libelled  product  transferred  from  algae  to 
amoebae  was  9.8%  (+5.0  S.D.).  It  is  unlikely  that  any  of  this  labelled  product 
was  due  to  digestion  of  dinoflageilates  since  amoebae  induced  to  undergo  mul¬ 
tiple  fission  rapidly  expel  their  vacuolar  contents  within  the  first  few  hours. 
Moreover,  the  physiological  changes  which  accompany  this  phenomenon  are 
not  conducive  to  digestion  and  assimilation  of  ingest  a.  Algae  released  from 
amoebae  harbored  25.9%  (+9.9  S.D.)  of  C"14  label,  the  remainder  64.1%  was 
unaccounted  for.  It  could  have  been  rinsed  away  during  the  multiple  fission  as 
decomposed  but  not  yet  assimilated  digestive  products.  Autoradiography  on 
small  amoebae  (after  fission)  supported  the  translocation  of  photosynthetic 
product.  Counts  of  silver  grains  in  an  area  overlying  amoebae  (ss  400  /jm2) 
averaged  140.8  +  39.6  S.D.  (n=15)  which  was  significantly  above  that  of 
background  (15.8  +  3.8  SJD.). 


4.  Discussion 

Many  symbiotic  associations  involving  protists  and  algae  have  been  de¬ 
scribed  (reviewed  in  Smith  and  Douglas,  1988)  with  the  vast  majority  involv¬ 
ing  dinoflageilates  of  the  genus  Symbiodinium.  This  is  also  true  for  sarcodines 
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/here  planktonic  fora. minif cram,  radiolarians  and  acantharians  frequently  as- 
ociate  with  (linoflageilates  (Lee  et  al.,  1985).  Despite  the  fact  that  research 
>n  marine  protozoa  has  increased  markedly,  largely  because  of  an  increased 
.wareness  about  the  ecological  importance  of  symbiosis,  no  algal  symbionts 
iave  been  reported  from  any  species  of  Triehosphaerium  nor  from  any  of 
he  morphologically  similar  gymnamoebae.  This  suggests  that  the  associa- 
ion  between  Triehosphaerium  and  Symbiodimum  described  in  this  paper  is 
.  laboratory  phenomenon  and  is  either  rare  or  does  nor  occur  in  the  ma- 
ine  environment.  In  support  of  this,  all  attempts  by  the  authors  to  isolate 
linoflagellate-laden  cells  from  the  field  were  unsuccessful. 

In  view  of  what  we  understand  about  protist/algal  symbioses,  this  is  not 
urprising.  The  majority  of  associations  described  in  sarcodines  and  dilates 
iccur  in  the  euphotic  zone  of  oligotrophic  waters.  In  this  nutrient  depleted 
nvironment  it  is  beneficial  for  the  host  to  harbor  endosymbiotic  algae  and 
irofit  from  the  retention  and  recycling  of  nitrogen  and  phosphorous  com- 
lounds  within  an  essentially  closed  system.  Trichoephacrium,  on  the  other 
land,  is  common  in  littoral  habitats  where  it  grazes  on  the  bacteria  and 
nicroalgae  associated  with  the  surfaces  of  seaweeds  and  on  the  algal  tissue 
tseif  (Polne-Fuller,  1987).  In  this  nutrient-rich  microhabitat  the  retention  of 
ymbionts  is  not  favored  from  an  energetic  standpoint. 

Our  laboratory  results  demonstrate  tbe  importance  of  nutrient  T*atua  on 
he  stability  of  the  algal  association.  When  amoebae  containing  algae  were 
uitured  in  organically  rich  bacterized  media  they  egested  over  95%  of  their 
Linoflageilates  within  24  hr  and  preyed  on  bacteria.  Under  these  conditions, 
Triehosphaerium  reproduced  rapidly,  dividing  every  10  hr  or  less.  At  the 
■Cher  extreme,  when  amoebae  with  algae  were  cultured  in  inorganic  tn*^:,nTr| 
vith  few  bacteria  and  no  free  algae  they  retained  their  fall  complement  of 
Linoflageilates.  Their  growth  rates  were  low  and  they  divided  only  once  every 
'  weeks  or  longer.  A  similar  retention  of  symbiorts  in  inorganic  media  was 
ibserved  by  time-iapse  photomicroscopy  wnere  amoebae  in  cultures  without 
ree  dinofiageilates  retained  a  stable  complement  of  symbionts.  Under  these 
onditions,  algae  were  retained  intracellulariy  without  flux  and  the  associa- 
ion  approached  that  of  a  true  symbiosis. 

The  stability  and  duration  of  the  association  was  different  when  dinoflagei- 
ates  were  abundant  in  the  inorganic  medium.  Here,  Tr%enosphaerium  turned 
ver  the  majority  of  its  algal  population  m  about  30  hr.  For  these  rea- 
ons  we  prefer,  at  this  time,  to  term  the  relationship  an  ‘induced  associ- 
tion”  rather  than  a  symbiosis  even  though  other  features  of  the  relationship 
aay  imply  mutualism.  For  example,  amoebae  retained  a  full  complement 
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of  intracellular  algae,  albeit  a  tiuxing  population,  for  over  2  years  in  cul¬ 
ture.  Furthermore,  although  Trichosphaerium  was  not  nutritionally  depen¬ 
dent  upon  its  sequestered  algae,  feeding  instead  on  bacteria  and  perhaps 
a  small  percentage  of  dinoflagellates,  they  did  assixr  te  10%  of  the  pho- 
tosynthate  derived  from  their  associated  alga*-.  This  supplementary  source 
of  nutrition  may  have  accounted  for  the  slightly  improved  growth  of  amoe¬ 
bae  with  algae  in  the  light  compared  to  those  in  the  dark.  There  is  little 
information  on  the  nutritional  relationships  of  other  sarcodine/ algal  associ¬ 
ations,  but  there  are  indications  that  photosynthetic  products  alone  rarely 
support  rapid  growth.  For  example,  the  foraminiferan  Globigerinoide  sac- 
culifer  grows  slowly  but  fails  to  reproduce  when  starved  in  the  light  (Lee 
and  McEnery,  1983).  It  appears,  therefore,  that  one  of  the  major  benefits  of 
retaining  symbionts  is  to  ensure  survival  of  the  host  in  habitats  which  are 
subject  to  periodic  fluctuations  in  prey  and/or  nutrients. 

The  laboratory  induced  association  described  here  has  several  advantages 
for  the  study  of  algal/invertebrate  symbioses.  Aride  from  the  fact  that  both 
partners  can  be  cultured  with  ease,  Trichosphaerium  can  readily  be  induced 
to  egest  its  intracellular  algae  upon  transfer  to  unenriched  seawater  where 
amoebae  undergo  multiple  fission.  While  this  sensitivity  cn  the  part  of  the 
amoebae  can  be  problematic  during  routine  handling,  the  benefits  outweigh 
the  disadvantages  as  intracellular  algae  can  easily  be  separated  from  host 
amoebae.  Moreover,  Trichosphaerium  has  the  ability  to  discriminate  between 
different  dinoflagellate  species,  tn  a  separate  study  (manuscript  in  prep.)  it 
was  shown  that  the  incorporation  of  Symbiodinium  sp.  #8  is  favored  by 
tlqp  amoeba  over  other  species  of  symbiotic  dinoflagellates  and  thus  sup¬ 
ports  the  presently  established  fact  that  symbiosis  between  microaigae  and 
invertebrates  demonstrate  specificity  (Trench,  ’987,  1988).  In  light  of  the 
above,  perhaps  the  greatest  promise  for  this  system  is  as  a  tool  to  investigate 
the  mechanisms  of  cell  recognition.  These  are  the  processes  by  which  algae 
first  gain  entrance  into  the  ceil  and  the  subsequent  processes  that  determine 
whether  or  not  these  algae  will  be  retained  by  the  host.  We  hope  that  further 
studies  with  the  Trichosphaerium /Symbiodinium  association  may  solve  some 
of  the  many  unanswered  questions  surrounding  these  processes. 
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ABSTRACT 

The  marine  amoeba  Trichosphaerium  Am-I-7  was 
used  as  a  tool  for  preparing  unialgal  axenic  cultures  of 
nondigestible  Symbiodinium  and  Porphyridium  spe¬ 
cies.  The  resistance  of  these  unicellular  algae  to  the  amoe- 
bal  digestive  enzymes,  and  the  differential  digestion  of 
bacteria,  protozoans,  and  other  algae,  resulted  in  cleansed 
cells  of  Symbiodinium  and  Porphyridium  that  re¬ 
mained  in  the  amoebal  food  vacuoles.  During  multiple 
fission,  the  amoeba  evacuated  its  food  vacuoles  and  re¬ 
leased  the  trapped  and  intact  algae,  which  were  then  suc¬ 
cessfully  cultured.  This  method  of  cleaning  was  especially 
useful  with  algal  species  that  were  sensitive  to  antibiotics 
or  other  germicidal  agents. 

Key  index  words:  amoeba;  axenic  algae;  multiple  fission; 
Porphyridium;  selective  digestion;  Symbiodinium;  Tri¬ 
chosphaerium  Am-I-7;  zooxanthellae 

Axenic  cultures  of  unicellular  algae  have  usually 
been  prepared  by  single  cell  isolation  and  rinsing  or 
by  treatments  with  antibiotics  and  other  germicides 
(Fries  1963,  1977,  Mooney  and  Van  Staden  1985, 
Polne-Fuller  and  Gibor  1987a,  b).  Single  cell  isola¬ 
tion  and  washing  of  microscopic  algae  is  a  tedious 
process  that  produces  few  clean,  viable  cells.  More¬ 
over,  the  single  cell  isolation  technique  is  rendered 
useless  if  the  contaminating  organisms  are  attached 
to  the  algal  surfaces.  Chemical  treatments  are  more 
efficient  in  producing  clean  cells;  however,  some  al¬ 
gae  are  sensitive  to  the  array  of  chemicals  that  are 
necessary  to  eliminate  contamination.  Due  to  these 
limitations  various  species  of  zooxanthellae  have  not 
been  cultured  free  of  bacteria  and  other  contami¬ 
nants,  such  as  a  small  flagellate  that  is  often  present. 
The  importance  of  axenic  cultures  of  zooxanthellae 
can  not  be  overemphasized  in  studies  of  symbiotic 
interactions  between  the  plant  cells  and  their  animal 
hosts. 

The  amoeba  Trichosphaerium  is  a  large  (15-2000 
/xm),  omnivorous  marine  organism  that  digests  f  va¬ 
riety  of  seaweeds  and  aigae  (Polne-Fuller  1987)  as 
well  as  bacteria,  flagellates,  and  various  other  pro¬ 
tozoans  (unpubl.  data).  Some  algae  such  as  species 
of  Symbiodinium  are  taken  into  amoebal  cytoplasmic 
vacuoles  but  not  digested  (Rogerson  et  al.  1989).  A 
similar  phenomenon  of  slow,  or  limited,  digestion 
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also  occurs  with  the  red  unicellular  alga  Porphyri¬ 
dium.  The  ability  of  the  amoebae  to  differentially 
digest  bacteria,  but  not  the  various  species  of  Sym¬ 
biodinium  and  Porphyridium,  was  used  as  a  tool  for 
cleaning  these  algae  from  digestible  contaminating 
microorganisms. 

Four  methods  were  used  for  isolating  axenic  algae  through  the 
cytoplasmic  vacuoles  of  the  amoeba  Trichosphaerium  Am-I-7. 

1)  Antibiotics  +  digestion  +  multiple  fission  (xp).  Amoebae 
were  mixed  with  contaminated  cultures  of  aigae  (amoebae:  algal 
ratio  of  about  1:50).  The  amoebae  ingested  the  algae  along  with 
other  food  particles  and  packed  them  in  cytoplasmic  vacuoles 
(Tig.  1 ).  The  culture  vessels  that  contained  the  algal-packed  amoe¬ 
bae  were  rinsed  gently  with  sea  water  and  flooded  with  a  mixture 
of  1 0  antibiotics  for  2  days  (Table  I ).  A  mixture  of  five  antibiotics 
(Table  1:  I)  was  used  initially  with  cleaning  rates  of  about  75- 
80%.  Remaining  contaminants  (when  present)  were  mostly  two 
strains  of  bacteria,  a  white  smooth  colony  and  a  yellow  smooth 
colony.  Five  additional  antibiotics  (Table  1:  II)  that  were  added 
to  the  mixture  increased  the  rate  of  successful  axenic  prepara¬ 
tions  to  over  90%.  The  mixture  of  10  antibiotics  was  also  useful 
in  cleaning  unicellular  algae,  filamentous  algae,  seaweeds,  and 
amoebae  (Polne-Fuller  et  al..  unpubl.).  The  Tnchosphaenum  re- 
mained  attached  to  the  culture  vessel,  which  simplified  the  rinsing 
process.  The  algal-filled  amoebae  were  detached  from  the  sub¬ 
strate  using  a  forced  water  stream  produced  by  a  pasteur  pipet. 
transferred  to  a  new  culture  vessel,  and  maintained  in  clean  an¬ 
tibiotics  for  2-3  weeks.  During  this  period  no  other  food  source 
was  made  available  to  the  amoebae  (partial  starvation  period;. 
The  amoebae  continued  to  digest  the  remaining  digestible  par 
tides  in  their  food  vacuoles  while  the  indigestible  algae  remained 
intact  inside  the  cytoplasm.  The  indigestible  algae  were  com¬ 
partmentalized  in  perialgal  vacuoles,  whereas  the  edible  particles 
were  in  food  vacuoles  (Rogerson  et  al.  1990). 

After  the  partial  starvation  period,  the  amoebae  were  placed 
in  fresh  antibiotic  mixture  for  2  more  days.  They  were  rinsed 
four  times  with  autoclaved  sea  water,  dislodged  from  the  substrate 
using  the  forced  water  stream  produced  by  a  pasteur  pipet.  and 
transferred  to  clean  culture  vessels  where  they  were  left  to  attach 
for  20  min.  Three  additional  rinses  induced  the  amoebae  to  go 
through  a  multiple  fission  (Polne-Fuller  1987.  Polne-Fuller.  un- 

Tasle  I.  Antibiotic  nock  solution.  10 *  concentration.  The  solution 
was  prepared  in  sea  water  for  fresh  water)  and  diluted  l:  10  in  sea  water 
for  the  amoebae  and  in  PES  medium  for  the  alqar. 


To  1 00  mL  double  distilled  water  for  sea  water)  add: 

(  K 


Penicillin-C 

1 000  mg 

Ervthromvcin 

6  mg 

Sirepiomvcm 

2000  mg 

Centamvcm 

3  mg 

Kanamvcin 

1000  mg 

Polymtxin-B 

16  mg 

Neomycin 

200  mg 

Tetracvcline 

1  2  mg 

Nystatin 

1  5  mg 

Vaneomvcin 

1 2  mg 

contaminant!  were  attached  to  the  amoeba!  cell  wall.  In  this  meth¬ 
od.  the  starved  amoebae  containing  the  algae  were  treated  with 
antibiotics  for  2  days  and  flooded  for  10-30  s  with  either  a  0.5% 
perchloride  solution  in  double  distilled  water,  a  30%  ethanol 
solution  in  DDW,  DDW  water  alone,  or  a  10%  Betadine  solution 
in  sea  water.  These  chemical  treatments  killed  the  amoebae  and 
the  external  contaminants  but  did  nc  kill  the  algae  protected 
inside  the  amoebal  cytoplasmic  vacuoles. 

The  dead  but  clean  amoebae  were  collected  axenically  by  cen¬ 
trifugation,  rinsed  twice,  and  teased  apart  manually  using  pulled 
glass  pipets.  For  large  numbers  of  amoebae,  a  small  homogenizer 
(Biospec  1281)  was  used  for  10  s  at  speed  12.  A  probe  sonicator 
was  also  useful  for  breaking  the  amoebae  with  minimal  damage 
to  the  algae  (15  s,  setting  4,  on  ice).  The  algae  were  collected  by 
filtration  through  sterile  nylon  nets  (20  itt n)  and  rinsed  three 
times  with  sterile  0.5%  PEC  in  sea  water.  Such  algal  preparations 
still  contained  some  amoebal  membranes  even  after  excessive 
rinsing,  but  these  did  not  inhibit  the  growth  or  cell  division  of 
the  algae. 

It  was  necessary  to  allow  sufficient  time  for  the  live  amoebae 
to  digest  the  contaminants.  Depending  on  the  contaminating  or¬ 
ganisms,  starvation  periods  as  short  as  5  days  (yeast,  most  bacteria, 
and  most  diatoms)  and  as  long  as  2  weeks  (unicellular  red  algae, 
flagellates,  ciliates,  and  fungi)  were  necessary  to  assure  the  elim¬ 
ination  of  digestible  cells.  Some  diatoms  and  flagellates  required 
longer  periods  to  be  digested.  Several  fungi  developed  faster  than 
the  amoebae  could  phagocytose  and  digest  them,  and  several 
species  of  ciliates  and  flagellates  were  too  active  to  be  captured. 

Of  the  four  methods  described,  method  #1  was 
usually  effective  in  producing  axenic  algae.  Three 
isolates  of  Symbiodinium  from  the  sea  anemone  An- 
thopleura  were  successfully  cleansed  using  the  first 
method.  However,  a  fourth  isolate  of  the  same  spe¬ 
cies  contained  a  bacterium  resistant  to  the  antibi¬ 
otics.  For  this  isolate  the  agar  surface  (method  #3) 
was  used  successfully.  A  fifth  isolate  of  the  same 
species  contained  a  swift  flagellate  that  had  to  be 
eliminated  using  a  0.5%  perchloride  solution  or  a 
30%  ethanol  solution  for  1 0  s,  as  in  method  #4.  Most 
species  of  Symbiodinium  that  were  tested  were  resis¬ 
tant  to  the  antibiotic  mixture  and  were  cleaned  using 
methods  *1  or  #3.  Symbiodinium  #45,  which  turned 
pale  in  the  antibiotic  mixture,  was  cleaned  by  at¬ 
tachment  co  nylon  netting  (method  #2).  Symbiodi¬ 
nium  #344,  which  released  sticky  polysaccharides 
and  collected  particulate  matter  from  the  medium, 
was  cleaned  as  the  amoebae  migrated  on  agar,  re¬ 
leasing  algal  ceils  in  their  trail  (method  #3).  About 
40%  of  the  released  algae  developed  axenic  colonies 
on  the  agar  surfaces.  Method  #4  was  used  to  elim¬ 


inate  a  fast-swimming  spiral  bacterium  from  the  red 
unicellular  alga  Porphyridium.  It  was  also  used  for  an 
isolate  of  Symbiodinium  #8  and  one  of  the  isolates  of 
Symbiodinium  anthopleura,  which  contained  small 
swimming  flagellates  resistant  to  the  antibiotics  and 
too  motile  to  be  engulfed  by  the  amoebae. 

With  these  four  methods  isolates  of  four  species 
of  the  symbiotic  dinoflagellate  Symbiodinium  (#8,  45, 

61 ,  and  344),  and  the  red  unicellular  algae  Porphon- 
dium  cinctum,  emerged  viable  and  axenic.  These 
methods,  and  combinations  and  variations  of  them, 
may  prove  useful  for  cleaning  other  algae  that  are 
not  digested,  or  digested  slowly,  by  various  species 
of  this  and  other  protozoans. 

The  numbered  Symbiodinium  species  were  isolated  from  around 
the  world  and  subcultured  from  the  collection  of  symbiotic  di- 
noflagellates  of  Dr.  R.  Trench,  to  whom  l  am  grateful.  The 
Symbiodinium  from  Anthopleura  was  isolated  locally  by  the  author.  | 
Thanks  are  also  due  to  Mr.  Matthev^Katiclt^or  helping  with  the  .Nl  f 
testing  of  the  additional  antibiotics,  and  to  Dr.  Aharon  Gibor  I 
and  Mr.  Dan  Coury  for  constructive  comments  on  the  manu- 
script.  This  work  was  supported  in  part  by  contract  #N00014-  * 
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ABSTRACT 


The  marine  amoeba  Trichosphaerium  Am-I-7  was  used  as  a  tool 
for  preparing  unialgal  axenic  cultures  of  nondigestible 
Svmbiodinium  and  Porphvridium  species.  The  resistance  of  these 
unicellular  algae  to  the  amoebal  digestive  enzymes,  and  the 
differential  digestion  of  bacteria,  protozoans,  and  other  algae, 
resulted  in  cleansed  cells  of  Svmbiodinium  and  Porphyridium  which 
remained  in  the  amoebal  food  vacuoles.  During  multiple  fission, 
the  amoeba  evacuated  its  food-vacuoles  and  released  the  trapped 
and  intact  algae,  which  were  then  successfully  cultured.  This 
method  of  cleaning  was  especially  useful  with  algal  species  that 
were  sensitive  to  antibiotics  or  other  germicidal  agents. 


Key  index  words:  amoeba;  axenic  algae;  multiple  fission; 
Porphyridium ;  selective  digestion;  Svmbiodinium ;  Trichosphaerium 


INTRODUCTION 


Axenic  cultures  of  unicellular  algae  have  been  usually 
prepared  by  single  cell  isolation  and  rinsing,  or  by  treatments 
with  antibiotics  and  other  germicides  (Fries  1963,  1977,  Mooney 
and  Van  Staden  1985,  Polne-Fuller  and  Gibor  1987a, b).  single  cell 
isolation  and  washing  of  microscopic  algae  is  a  tedious  process 
which  produces  few  clean  viable  cells.  Moreover,  single  cell 
isolation  technique  is  rendered  useless  if  the  contaminating 
organisms  are  attached  to  the  algal  surfaces.  Chemical  treatments 
are  more  efficient  in  producing  clean  cells;  nevertheless,  some 
algae  are  sensitive  to  the  array  of  chemicals  which  are  necessary 
to  eliminate  contamination .  Due  to  these  limitations  various 
species  of  zooxanthellae  have  not  been  cultured  free  of  bacteria 
and  other  contaminations  such  as  a  small  flagellate  which  is 
often  present.  The  importance  of  axenic  cultures  of  zooxanthellae 
can  not  be  overemphasized  in  studies  of  symbiotic  interactions 
between  the  plant  cells  and  their  animal  hosts. 

The  amoeba  Trichosphaerium  is  a  large  (15-2000  urn), 
omnivorous  marine  organism  which  digests  a  variety  of  seaweeds 
and  algae  (Polne-Fuller  1987)  as  well  as  bacteria,  flagellates, 
and  various  other  protozoans  (unpubl.  data).  Some  algae  such 
as  species  of  Symbiodinium ,  were  taken  into  amoebal  cytoplasmic 
vacuoles  but  were  not  digested  (Rogerson  et  al.  1989).  A  similar 
phenomenon  of  slow,  or  limited,  digestion  also  occured  with  the 
red  unicellular  alga  Porphvridium .  The  ability  of  the  amoebae  to 
differentially  digest  bacteria,  but  not  the  various  species  of 
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Svmbiodinium  and  Porphyridium  ,  was  used  as  a  tool  for  cleaning 
these  algae  from  digestible  contaminating  microorganisms. 

MATERIALS  AND  METHODS 

Four  methods  were  used  for  isolating  axenic  algae  through 
the  cytoplasmic  vacuoles  of  the  amoeba  Trichosphaerium  Am-I-7 : 

1)  Antibiotics  +  digestion  +  multiple  fission  (xp).  Amoebae  were 
mixed  with  contaminated  cultures  of  algae  (amoebae:  algal  ration 
of  about  1:50)  The  amoebae  ingested  the  algae  along  with  other 
iood  particles  and  packed  them  in  cytoplasmic  vacuoles  (Fig.  1). 
The  culture  vessels  which  contained  the  algal-packed  amoebae  were 
rinsed  gently  with  sea  water  and  flooded  by  a  mixture  of  10 
antibiotics  for  two  days  (Table  1.  I+II) .  A  mixture  of  five 
antibiotics  (Table  1.  I)  was  used  initially  with  cleaning  rates 
of  about  75-80%.  Remaining  contaminants  (when  present)  were 
mostly  two  strains  of  bacteria,  a  white  smooth  colony,  and  a 
yellow  smooth  colony.  Five  additional  antibiotics  (Table  1.  II) 
which  were  added  to  the  mixture  increased  the  rate  of  succesful 
axenic  preparations  to  over  90%.  The  mixture  of  10  antibiotics 
was  also  useful  in  cleaning  unicellular  algae,  filamentous  algae, 
seaweeds  and  amoebae  (Polne-Fuller  et  al.  in  prep).  The 
Trichosphaerium  remained  attached  to  the  culture  vessel  which 
simplified  the  rinsing  process.  The  algal-filled  amoebae  were 
detached  from  the  substrate  using  a  forced  water  stream 
produced  by  a  pasteur  pipet,  transferred  to  a  new  culture 
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vessel,  and  maintained  in  clean  antibiotics  for  2-3  weeks.  During 
this  period  no  other  food  source  was  made  available  to  the 
amoebae  (partial-starvation  period).  The  amoebae  continued  to 
digest  the  remaining  digestible  particles  in  their  food  vacuoles 
while  the  indigestible  algae  remained  intact  inside  the 
cytoplasm.  The  indigestible  algae  were  compartmentalized  in 
peri algal  vacuoles  while  the  edible  particles  were  in  food 
vacuoles  (Rogerson  et  al.  1990). 

After  the  partial-starvation  period,  the  amoebae  were  placed 
in  fresh  antibiotic  mixture  for  two  more  days.  They  were  rinsed 
four  times  with  autoclaved  sea  water,  disloged  from  the  substrate 
using  the  forced  water  stream  produced  by  a  pasteur  pipet  and 
transferred  to  clean  culture  vessels  where  they  were  left  to 
attach  for  20  min.  Three  additional  rinses  induced  the  amoebae  to 
go  through  a  multiple  fission  ( Polne-Fuller  1987,  Polne-Fuller  et 
al.  1990)  and  release  the  algae.  The  algae  were  centrifuged 
axenicaily  (table  top  centrifuge,  5  min  at  600  rpm) ,  rinsed  three 
times  in  sterile  sea  water,  and  cultured.  A  sterility  test  medium 
for  marine  bacteria  (0.08%  nutrient  broth  +  0.05%  yeast  extract  + 
0.01%  glucose  added  to  sea  water)  was  used  to  assure  sterility 
and  select  for  clean  cultures.  This  was  done  by  plating  50  uL  of 
algal  samples  on  sterility  test  medium  solidified  by  1%  Difco 
Bacto  agar.  The  plates  were  incubated  at  23  °C  for  one  week. 
Bacterial  colonies,  if  present,  were  obvious  by  the  third  to 
fifth  day.  The  absence  of  flagellates,  protozoans  and  other 
contaminating  algae  was  determined  by  microscopic  observations 
(100  to  1000X) . 
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The  clean  algal  colonies  were  subcultured  axenically. 


2)  Release  of  algae  through  nylon  net.  A  second  set  of  treatments 
was  developed  with  the  intention  of  avoiding  a  bloom  of 
antibiotic-resistant  bacteria  when  the  competition  by  the 
antibiotic-sensitive  bacteria  was  eliminated.  Here,  amoebae 
containing  algae  were  transf erred  to  clean  culture  flasks, 
starved  in  sea  water  for  two  weeks,  rinsed  in  sea  water  three 
times,  flooded  with  antibiotics  for  two  days,  then  suspended  in 
sterile  sea  water  containing  a  solution  of  0.5%  polyethylene¬ 
glycol  (PEG,  MW  20,000).  PEG  delayed  the  attachment  of  the 
amoebae  to  the  pipets,  to  test  tubes,  and  to  each  other.  The  PEG 
also  created  differential  sinking  conditions  as  the  large  and 
heavy  amoebae  sank  after  3  min  centrifugation  at  400  rpm  (table 
top  centrifuge)  while  most  of  the  bacteria  and  debris  stayed  in 
suspension.  The  amoebae  were  rinsed  five  times  in  a  solution  of 
0.5%  PEG  in  sterile  sea  water.  Rinsing  was  done  in  an  Eppendorf 
tube  where  roughly  1000  amoebae  were  suspended  in  1  mL  of  liquid. 
The  cells  were  then  collected  by  centrifugation  (600  rpm,  for  5 
min),  rinsed  twice  in  sterile  sea  water,  and  placed  on  a  sterile 
nylon  net  (40  urn  mesh)  which  was  glued  to  the  bottom  of  a 
sterile  plastic  cup.  Rinsing  induced  multiple  fissions  (Polne- 
Fuller  et  al.  1990)  on  the  nylon  netting.  The  whole  system  was 
kept  flooded  with  sterile  sea  water  for  5-7  h.  Released  algae 
sank  through  the  mesh  and  into  a  sterile  test  tube.  They  were 
rinsed  three  more  times  by  centrifugation  in  sea  water  and 
cultured  in  either  PES/2  or  in  ASPS  (Provasoli  1968).  Sterility 
tests  were  performed  on  the  cultured  algae  as  before.  The 
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decrease  in  bacterial  counts  was  evident  on  the  STM  agar  plates 
where  the  number  of  bacterial  colonies  dropped  from  over 
800  mlf^lOOO  amoebae”1  after  the  first  rinse  in  PEG,  to  0  ml” 
11000  amoebae  1  after  the  fourth  PEG  rinse.  The  bacteria  were 
diluted  out  after  the  fifth  PES  rinse  (Fig.  2). 

3)  Migration  on  agar  surfaces.  The  third  method  utilized  the 
surface  of  1.5%  agar  plates  as  crawling  and  releasing  surfaces 
for  the  amoebae  and  as  seeding  grounds  for  the  clean  algae.  In 
this  method,  the  amoebae  were  starved  for  two  weeks,  treated  in 
antibiotics  for  two  days,  rinsed  three  times  in  sterile  sea 
water,  centrifuged  in  0.5%  PEG  two  more  times  into  a  concentrated 
pellet,  and  placed  on  the  surfaces  of  a  solidified  PES  +  1.5% 
Difco  Bacto-agar .  The  whole  procedure  was  done  axenically.  The 
amoebae  stretched  and  migrated  on  the  agar  while  they  went 
through  multiple  fission,  thus  releasing  the  algae  (Fig.  3).  The 
released  algae  were  left  to  divide  and  develop  colonies  on  the 
agar.  The  state  of  sterility  of  these  colonies  was  determined 
through  microscopic  observations  of  the  agar  around  the  colony 
(after  5  days,  under  400X) .  Antibiotic  solution  was  added  at 
times  to  the  agar;  however,  growth  rates  of  the  algae  were 
reduced  on  the  antibiotic-enriched  agar  by  a  factor  of  three.  The 
growth  inhibition  was  reversible  when  the  algae  were  transferred 
to  PES/ 2  or  to  ASP 8  media. 

4)  Disruption  of  killed  amoebae  to  release  clean  algae.  The 
fourth  method  was  used  only  when  none  of  the  previous  three 
procedures  produced  axenic  algae.  This  was  mostly  due  to  the 
presence  of  motile  eukaryotic  contaminants  which  the  starved 
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amoebae  were  not  able  to  capture,  or  when  antibiotic  resistant 
contaminants  were  attached  to  the  amoebal  cell  wall.  In  this 
method,  the  starved  amoebae  containg  the  algae  were  treated  with 
antibiotics  for  two  days  and  flooded  for  10-30  sec  with  either  a 
0.5%  perchloride  solution  in  double  distilled  water,  a  30% 
ethanol  solution  in  DDW,  DOW  water  alone,  or  a  10%  Betadine 
solution  in  sea  water.  These  chemical  treatments  killed  the 
amoebae  and  the  external  contaminants  but  did  not  kill  the  algae 
protected  inside  the  amoebal  cytoplasmic  vacuoles. 

The  dead  but  clean  amoebae  were  collected  axenically  by 
centrifugation,  rinsed  twice,  and  teased  apart  manually  using 
pulled  glass  pipets.  For  large  numbers  of  amoebae,  a  small 
homogenizer  (Biospec  1281)  was  used  for  10  sec  at  speed  12.  A 
probe  sonicator  was  also  useful  to  break  the  amoebae  with  minimal 
damage  to  the  algae  (15  sec,  setting  4,  on  ice).  The  algae  were 
collected  by  filtration  through  sterile  nylon  nets  (20  um)  and 
rinsed  three  times  with  sterile  0.5%  PEG  in  sea  water.  Such  algal 
preparations  still  contained  some  amoebal  membranes  even  after 
excessive  rinsing,  but  these  did  not  inhibit  the  growth  or  cell 
division  of  the  algae. 

It  was  necessary  to  allow  sufficient  time  for  the  live 
amoebae  to  digest  the  contaminants .  Depending  on  the 
contaminating  organisms,  starvation  periods  as  short  as  5  days 
(yeast,  most  bacteria,  and  most  diatoms),  and  as  long  as  2  weeks 
(unicellular  red  algae,  flagellates,  ciliates,  and  fungi)  were 
necessary  to  assure  the  elimination  of  digestible  cells.  Some 
diatoms  and  flagellates  required  longer  periods  to  be  digested. 
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Several  fungi  developed  faster  than  the  amoebae  could  phagocytose 
and  digest  them,  and  several  species  of  ciliates  and  flagellates 
were  too  active  to  be  captured. 


RESULTS  AND  DISCUSSION 

Out  of  the  four  methods  described,  method  #1  was  usually 
effective  in  producing  axenic  algae.  Three  isolates  of 
Symbiodinium  from  the  sea  anemone  Anthopleura  were  successfully 
cleansed  using  the  first  method.  However,  a  fourth  isolate  of  the 
same  species  contained  a  bacterium  resistant  to  the  antibiotics. 
For  this  isolate  the  agar  surface  (method  #3)  was  used 
successfully.  A  fifth  isolate  of  the  same  species  contained  a 
swift  flagellate  which  had  to  be  eliminated  using  a  0.5% 
perchloride  solution  or  a  30%  ethanol  solution  for  10  sec,  as  in 
method  #4.  Most  species  of  Symbiodinium  which  were  tested  were 
resistant  to  the  antibiotic  mixture  and  were  cleaned  using 
methods  #1  or  #3.  Symbiodinium  #45,  which  turned  pale  in  the 
antibiotic  mi xtureT'was-^c leaned  through  attachment  to  nylon 
netting_Jjaethod^  #  2 )  and  Symbiodinium  #344,  which  released  sticky 
polysaccharides  and  collected  particulate  matter  from  the  medium, 
was  cleaned  through  the  migration  of  the  amoebae  on  agar, 
releasing  algal  cells  in  their  trail  (method  #3).  About  40%  of 
the  released  algae  developed  axenic  colonies  on  the  agar 
surfaces.  In  order  to  eliminate  a  fast  swimming  spiral  bacterium 
from  the  red  unicellular  alga  Porphyridivm.  method  #4  was  used. 

It  was  also  used  for  an  isolate  of  Symbiodinium  #8  and  one  of  the 
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isolates  of  Symbiodinium  anthopleura  which  contained  swimming 
small  flagellates  resistant  to  the  antobiotics  and  too  motile  to 
be  engulfed  by  the  amoebae. 

With  these  four  methods  isolates  of  four  species  of  the 
symbiotic  di-oflagellate  Symbiodinium  (#8,  45,  61,  and  344)  and 
the  red  unicellular  alga  Porphoridium  cinctum,  emerged  viable  and 
axenic.  These  methods,  and  combinations  and  variations  of  them, 
may  prove  useful  for  cleaning  other  algae  that  are  not  digested, 
or  digested  slowly  by  various  species  of  this  and  other 
protozoans . 
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TABLE  l.  Antibiotics  stock  solution,  10X  concentration.  The 
solution  was  prepared  in  sea  water  (or  fresh  water)  and  diluted 
1:10  in  seawater  for  the  amoebae,  and  in  PES  medium  for  the 
algae . 

To  100  mL  double  distilled  water  (or  sea  water)  add: 


I 

II 

Penicillin-G 

lOOOmg 

Erythromycin 

6mg 

Strept omy c i n 

2000mg 

Gentamycin 

8mg 

Kanamycin 

lOOOmg 

Polymixin-B 

16mg 

Neomycin 

200mg 

Tetracycline 

12mg 

Nystatin 

15mg 

Vancomycin 

12mg 
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The  numbered  Symbiodinium  species  were  isolated  from  around  the 
world  and  subcultured  from  Dr.  R.  Trench's  collection  of 
symbiotic  dinoflagellates,  to  whom  I  am  grateful.  The 
Symbiodinium  from  Anthopleura  was  isolated  locally  by  the  author. 
Thanks  are  also  due  to  Mr.  Matthew  Katick  for  helping  with  the 
testing  of  the  additional  antibiotics,  and  to  Dr.  Aharon  Gibor  and 
Mr.  Dan  Coury  for  constructive  comments  on  the  manuscript.  This 
work  was  supported  in  part  by  contract  #N00014-88-K-0440  from  the 
Office  of  Naval  Research,  and  in  part  by  contract  #8-488750- 
25943-3  from  Occidental  Chemicals  Inc. 
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Figure  Legends: 


Fig.  1.  A  Photograph  of  Trichosphaerium  Am- 1 -7  full  of 

Svmbiodinium  #8 .  Note  the  amoebal  filipodia  (arrows),  and 
the  algae  present  inside  and  outside  the  amoeba. 

Bar  «  15  urn. 

Fig.  2.  Reduction  in  number  of  bacteria  during  rinses  in 
polyethyleneglycole . 

The  smaller  inserted  graph  presents  an  extended  scale  of 
the  second  through  eighth  rinses. 

Fig.  3.  Three  amoebae  migrating  on  agar  surfaces,  releasing  algae 
on  the  agar  surface  enriched  with  antibiotics. 

Bar  =  20  urn. 
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A  Multinucleated  Marine  Amoeba  Which  Digests  Seaweeds1 
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ABSTRACT.  Marine  amoebae  were  isolated  during  a  search  for  organisms  which  degrade  cell  wail*  of  seaweed.  One  of  the  isolates, 
a  multinucleated  amoeba  (referred  to  here  as  Amoeba-I-7  or  Am-I-7)  was  isolated  from  live  tissues  of  the  brown  seaweed  Sargassum 
muticum.  (t  digested  a  variety  of  brown  and  red  seaweeds  including  their  walls  and  cuucies.  Axenic  done  cultures  were  isolated  from 
ceils  that  migrated  on  agar.  Cultures  were  grown  on  agar  or  in  liquid  media.  Seaweeds,  seaweed  wall  extracts,  and  unicellular  algae  were 
tested  as  food  sources. 


\  MOEBAE  are  a  diverse  group  of  protozoa  with  widely  var- 
\  id  characteristics  and  habitats.  Most  amoebae  in  the 
environment  are  believed  to  be  associated  with  detritus 
and  to  feed  on  bacteria,  decaying  plant  and  animal  matter,  or 
microscopic  algae  ( 3).  Some  amoebae  were  isolated  from  drifting 
specimens  of  the  brown  seaweed  Sargassum.  Since  the  same 
species  were  also  isolated  from  water  samples,  it  was  assumed 
that  the  amoebae  isolated  from  the  seaweed  fed  on  bacteria 
associated  with  the  surfaces  rather  than  on  die  plant  ussue  itself 
'St. 
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During  our  search  for  microorganisms  capable  of  decompos¬ 
ing  seaweed  cell  walls,  several  species  of  amoebae  were  isolated 
from  intact  seaweed  tissues.  These  amoebae  were  done-cultured 
axemcaily.  and  flourished  on  seaweed  nssues  free  of  debns  or 
bacteria.  Amoebae- 1-7  (Am-I-7)  was  one  of  the  isolates  which 
was  able  to  digest  rapidly  and  completely  a  variety  of  brown 
and  red  seaweeds.  This  paper  describes  Am-l-7,  its  isoiauon 
and  culture  techniques,  and  the  effecuvity  of  various  seaweeds 
as  food  sources. 

materials  and  methods 

Isolation  of  Am-I-7.  Young  plants  of  Sargassum  muticum. 
carrying  amoebae,  were  collected  in  January  1984  from  rocky 
shores  at  Alegna  beach.  Hollister  Ranch.  Santa  Barbara  County. 
California.  Reproductive  plants  of  Sargassum  which  were  also 
infected  were  collected  at  the  same  site  in  Apnl  1985.  Moist 
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plants  were  transferred  to  the  laboratory  in  a  styrofoam  con¬ 
tainer  and  stored  at  5*C. 

Sections  of  branches  ( 1-2  cm  long)  were  partially  cleaned  of 
surface  microorganisms.  Cleaning  was  done  in  chilled  stenie 
seawater  <  5  *C).  The  tissue  was  sonicated  for  1  mm  (4  x  |J  sec. 
with  four  sterile  rinses  between  sontcattons)  at  setting  3  in  an 
1AR  somcator  (Ultrasonic  320.  Kearny,  NJ).  The  tissue  was 
then  soaked  in  0.1%  solution  of  bleach  (3.23%  sodium  hypo¬ 
chlorite  by  weight)  or  in  30%  ethanol  for  2  min  with  gentle 
agnation.  It  was  then  nnsed  well  and  incubated  in  antibiotics 
for  three  days.  The  antibiotic  mixture  contained;  streptomycin 
sulfate  (0.2%).  penicillin-G  (0.1%).  neomycin  (0.02%).  nystaun 
(0.0015%).  and  kanamvcin  (0.1%).  Sections  of  the  antibiotic- 
treated  tissue  (2-5  mm)  were  placed  on  the  surface  of  PES  me¬ 
dium  ( 1 2)  solidified  with  1 .5%  agar  to  which  the  same  antibiotic 
mixture  was  added. 

Clone  cultures  of  Am-(-7  were  isolated  as  cells  migrated  on 
the  surface  of  the  agar.  To  assure  absence  of  contaminating 
bacteria,  the  isolates  were  cultured  initially  on  steniicy-test  me- 
idum  which  contained  1.5%  agar  in  PES  medium  (12)  enriched 
by  0.8%  nutnent  broth.  0.5%  yeast  extract,  and  0.2%  sucrose. 

Special  precautions  had  to  be  taken  during  isolation  and  trans¬ 
fer.  The  cells  were  delicate  alid  ruptured  easily  if  the  agar  surface 
beneath  them  was  stretched.  Exposure  to  desiccation  was  also 
detrimental.  Transfer  from  agar  surfaces  was  done  either  by 
lifting  a  cell  with  the  section  of  the  agar  or  by  the  use  of  a  hair 
loop  to  which  the  cell  attached.  Transfer  from  liquid  cultures 
was  done  by  gentle  pipetting.  The  cells  were  quickly  remqved 
Sra  the  pipette  before  they  attached  to  it. 

growth  measurements.  For  feeding  experiments.  20  large 

loeba  cells  (60-80  urn)  were  placed  in  4-cm  diameter  plastic 
wishes  containing  250  mg  live,  sterile  algal  tissue  in  20  mi  of 
seawater.  The  bottoms  of  the  dishes  were  marked  with  a  5-mm 
grid.  The  total  number  of  cells  were  counted  daily  for  two  weeks. 
When  the  number  of  cells  became  too  large  to  count.  10  sample 
areas  on  the  bottom  were  counted. 

An  American  Optics  dissecting  microscope  was  used  for  ob¬ 
servations  ai  low  magnification  (30*  ).  An  inverted  Nikon  mi¬ 
croscope  was  used  for  observations  of  cell  morphology  and 
movement  at  higher  magnification  (IOQ-I000x).  a  Reichart 
phase/ epi fluorescent  microscope  was  used  for  fluorescence  work. 

Food  sources.  1.  Agar— Oifco  Bacto-agar  or  Sigma  Agarose 
were  prepared  in  seawater  and  used  at  concentrations  ranging 
between  0. 1  and  1 .5%.  Fifteen  milliliters  of  medium  were  poured 
into  4-cm  diameter  plastic  pctrt  dishes.  2.  Carrageenan— Car¬ 
rageenan  (Irish  Moss.  Type  I.  Sigma)  autoclaved  in  seawater 
was  used.  A  range  of  concentrations  from  0.5  to  2.5%  was  pre¬ 
pared  and  poured  as  above.  3.  Algin—  Kclmar  Algm  ( ICR-2329- 
69.  Kelco  Company;  was  autoclaved  in  seawater.  Concentra¬ 
tions  of  0.5-2. 5%  were  prepared  as  above.  4.  Seaweeds— Live, 
axemc.  seaweed  tissues  to  be  used  for  feeding  were  prepared  as 
previously  described  (9-1  I).  The  cleaned  tissues  were  placed  in 


culture  dishes  with  seawater  and  the  amoebae  transferred  on 
top  of  the  tissue. 

Autoclaved  seaweeds  were  used  for  feeding  large  scale  cul¬ 
tures.  For  this,  the  seaweeds  were  cleaned  of  visible  epiphytes 
and  chopped  m  a  blender  for  2  min.  The  chopped  tissues  were 
nnsed  in  seawater  and  autoclaved  for  20  mm  (500  g  wet  tissue/ 
liter).  For  long  storage,  air-dried  seaweeds  were  ground  in  a 
coarse  mill  grinder  (Arthur  Thomas  Corp..  Philadelphia)  and 
stored  dry.  Before  feeding,  the  coarse  powder  was  autoclaved 
in  seawater  (5  g/ 1 00  mi),  let  soak  for  a  day.  nnsed  twice,  and 
resienlized  in  seawater.  5.  Unicellular  aigae— Unicellular  algae 
were  harvested  by  centrifugation  and  added  to  the  amoebae  as 
a  suspension.  Flagellated  algae  were  frozen  before  feeding  to 
stop  mottiity.  Amoeba-I-7  was  also  cultured  moooaenirally  with 
the  manne  unicellular  algae.  Combined  cultures  require  no  feed¬ 
ing  and  were  most  convenient  for  observations  of  behavior, 
growth,  and  ceil  division. 

Suclear  staining.  Live  Am-I-7  cells  were  placed  on  a  slide  in 
a  0.01  Mgtml  solution  of  4'-6’-diamidino-2-phenyiindolc(OAPt 
stain.  Sigma)  in  seawater.  Alternatively,  the  cells  were  fixed  in 
acetic-acid  :  ethanol  ( 1 :3).  then  rinsed  in  fresh  water  before  stain¬ 
ing  with  OAPI.  Acridine  Orange  (0.01%  in  seawater)  was  also 
effective  for  staining  nucleic  acids  of  Am-I-7. 

OBSERVATIONS  AND  DISCUSSION 

Isolation  of  amoeba  cells.  Although  many  different  seaweed 
species  were  collected  year  round  and  tested  for  the  presence  of 
amoebae.  Am-I-7  was  isolated  only  twice  and  only  from  Sar- 
gassum  muticum.  In  January  1 984  it  was  present  in  small  num¬ 
bers  on  stipes  of  young  Sargassum  plants.  In  April  1985  it  was 
found  in  large  numbers  on  reproductive  plants  of  this  seaweed. 

In  culture,  blooms  of  compering  bacteria  were  detrimental  to 
the  amoebae  and  had  to  be  eliminated.  Partial  chairing  of  sea¬ 
weeds  with  mild  bleach  or  alcohol  eliminated  most  of  the  mi¬ 
crobial  population  on  the  seaweed  surftce.  The  few  organisms 
which  survived  on  the  seaweed  may  have  been  located  within 
the  tissue,  escaping  the  surface  treatment,  and  Am-I-7  was  one 
of  them.  Individual  amoeba  cells  migrated  away  from  the  sea¬ 
weed.  on  and  through  the  agar,  and  created  viable  tunnels  as 
they  digested  the  gei  in  their  path  (Figs.  1-3). 

Cell  morphology.  AM-I-7  resembles  in  many  respeas  Amoeba 
teniacuiata  (7),  or  Ponttfex  majamus  ( 1 3),  or  the  smooth  form, 
the  gamont  of  Tnchosphaenum  platyxyrumd.  2.  6.  7.  15,  16). 
There  has  been  an  earlier  suggestion  that  ail  three  are  the  same 
organism  (8). 

Alternation  of  generations  m  Tnchosphaertum  was  first  sug¬ 
gested  by  Schaudinn  (14).  A  smooth  form  and  a  form  covered 
wuh  spicules  were  later  identified  as  the  gamont  and  the  schizont 
stages  m  Tnchosphaertum' s  life  history  (4).  Although  the  ques¬ 
tion  of  alternation  of  generations  was  never  confirmed,  alter¬ 
nation  of  morphology  was  reported  by  Angell  (1.2)  who  found 
smooth  forms,  suspected  gamonts.  in  cultures  of  the  “fuzzy'*  or 


Figs.  1-8  Photomicrographs  of  living  cells  of  Amoebe-1.7  i.  Ceils  migrating  in  their  tunnels  in  agar.  A  cell  is  viable  at  the  end  of  each  tunnel 
(amjwii.  Bar  -  300  urn.  2.  An  amoeba  at  the  head  of  its  tunnel.  Fecal  pellets  can  he  seen  as  while  parades  in  the  runnel.  Note  rite  reentries  on 
the  cell's  surface.  Bar  -  20  utn.  3.  Two-wren-oid  culture  on  agar.  Amoebae  (Week  arrows  I  digesting  large  hole  in  the  agar  (whm  arrows).  Note 
the  granular  deposits  of  fecal  pellets  in  the  tunnels  and  craters.  Bar  —  SO  un.  4.  Cell'  n  log-phase  culture.  These  cells  were  fed  on  fresh  branches 
of  Sargassum  muticum.  The  dtsunct  dark  center  of  the  middle  cell  contained  a  recently  engulfed  section  of  seaweed.  Gear  tobopodu  can  be  seen 
and  thin  hlioodia  extended  through  cones  formed  by  ihe  test  (arrows).  Bar  -  50  am.  5.  Amoebae  fed  on  Chlamvdomonas  rein* tadu  Arrow 
poults  at  a  otnarv  fission.  The  thin  cytoplasm  broke  as  me  daughter  cells  moved  awsv.  Cells  of  Chlamvdomonas  are  in  die  background.  Bar  ” 
30  urn.  6.  Well-fed  amoebae  free  of  the  substrate.  Oactyiobodia  (arrows)  were  used  for  movement.  The  small  cells  in  the  background  are 
Chianrvdomnnas.  Bar  •  20  urn.  7.  Echinaie-truncaie  protrusions  on  detached  cell.  Note  the  line  dacrviopodta  extended  from  the  evtotkasmte 
co**e*-  Fhn  coll  fed  on  dir.oriagetlates.  Bar  -  I  5  um.  8.  Progenv  of  an  amoeba  24  h  alter  a  multiple  fission.  The  progeny  were  20  mat  in  (hammer, 
flea,  and  migrating.  Note  the  dense  area  in  tne  cvtoplasm  (arrows)  and  me  '‘an-ltke  *  clear  cvtotHasm  at  the  front  ol  the  cell.  Bar  -  1 5  utn. 
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schizont  form.  Gntfin  &.  Spoon  also  reported  •*tuzzy''  forms  of 
Tnchospnaermm  which  were  obtained  bv  environmental  ma¬ 
nipulation  of  cloned  cultures  of  the  "smooth”  form.  The  nature 
of  the  manipulations  was  not  described  (abstract.  Intern.  Cong. 
Protozool..  1977).  Although  a  wide  range  of  culture  conditions 
and  food  sources  were  tested  in  axenic  clonal  cultures  during 
two  years  of  the  present  study,  a  "fuzzy"  or  schizont  morphoiype 
was  never  observed. 

Under  optimal  culture  conditions  (22*C.  3 1  ppt  salinity,  and 
ample  food)  adult  cells  were  amoeboid,  actively  moving  plano¬ 
convex  bodies.  40-120  urn  in  diameter,  however,  the  size  of 
the  ce'ls  ranged  from  1Q->!000  nm.  depending  on  their  age 
and  recent  feeding  history.  Active  cells  were  tightly  attached  to 
a  substrate,  feeding  constantly  and  full  of  panicles  which  de¬ 
termined  their  cotorauon  (Figs.  4-7). 

The  "voungest"  cells  (see  multiple  fission  below)  were  small 
(10-20  a  ml.  fiat,  with  stretched,  hyaline,  fan-like  cytoplasm  (Fig. 
3).  In  time  (3-7  days)  and  with  abundant  feeding,  these  grew 
into  the  large  plano-convex  flat  cells  (40-120  «m).  which  were 
full  of  dense  cytoplasm  loaded  with  food  vacuoles  and  storage 
granules.  Clear  and  cylindrical,  echinate-iruncate.  cytoplasmic 
protrusions  (5-15  um  long,  4-6  urn  wide)  appeared  and  dis¬ 
appeared  on  the  clear  cytoplasm  covering  the  ceil.  Their  trun¬ 
cated  fronts  were  blunt  and  ended  with  a  small  crater  (3-5  «m 
diameter),  suggesting  the  presence  of  a  test  (Figs.  4.  7.  10).  Fine 
dactylopodia  extended  from  the  echinate- truncate  cytoplasmic 
protrusions  (Figs.  4.  7)  and  waved  slowly  back  utid  forth  before 
retracting.  Mary  other  amoeboid  cell  configurauons  also  exist¬ 
ed.  Among  them  were  smooch,  pointed,  round,  or  elongated 
cells  (F.gs.  2-9.  11-15). 

Large  groups  of  detached,  greenish-beige,  spherical  cells,  were 
common  :n  cultures  that  were  starved  for  four  to  eight  weeks 
(Fig.  1 5).  Feeding  of  starved  cultures  resulted  in  very  long  and 
thin  ceils  ( 1000  urn  x  30  um).  tightly  attached  to  the  substrate 
and  eagerly  "mowing"  the  surface  for  food  (Fig.  13).  Elongated 
forms  lasted  from  a  few  hours  to  a  day.  then  the  ceils  resumed 
the  more  common  50-100  «m  diameter,  plano-convex  shape. 

Detacned.  pigmented,  spherical  cells  (40-200  um)  with  acuve 
podia  were  common  1-2  days  after  feeding  (Fig  6).  The  well- 
fed  cells  were  settled  on  the  bottom  and  slowly  wandered  along 
transferring  their  center  of  gravity  from  one  set  of  dactvlopodia 
to  another  as  they  were  advancing  Lo  bo  podia  were  short  or 
missing  in  these  cells  and  were  not  used  for  locomotion:  how¬ 
ever.  :he  dactylopodia  were  extended  from  clear  lobopodium¬ 
like  areas,  which  may  have  given  them  physical  support.  The 
well-fed.  suspended  morphology  lasted  for  3-7  days,  after  which 
the  cells  re-aitached  and  started  feeding  and  dividing  again. 

The  color  of  the  amoebae  and  the  apparent  consistency  of  the 
cytoplasm  qepended  on  the  food  source.  Cells  which  were  fed 
on  unicellular  green  algae  were  dark  green  and  granular.  Each 
of  the  numerous  food  vacuoles  contained  from  one  to  four  well- 
packed  algal  cells  (Figs.  5.  6).  Amoebae  which  were  fed  on 


dinortagellates  or  brown  seaweeds  were  golden  to  dark  brown 
with  less  granuiauon.  depending  on  the  type  of  seaweed  they 
engulfed  (Fig  7).  Those  that  fed  on  agarophytic  red  seaweeds 
or  on  agar,  carrageenan,  fucan.  or  alginate  had  finely  granulated 
cytoplasm  and  a  light  beige  color  (Fig  2).  When  fed  on  the  red 
unicellular  alga.  Porphyndium.  the  amoebae  were  bright  red  and 
granulated,  and  when  sugar  solutions  were  the  provided  carbon 
source,  the  amoebae  were  silvery -greenish  and  nearly  dear. 

Dactylopodia  and  lobopodia.  Fine  needle-like  dactylopodia 
(2—1  um  wide.  5-50  um  long)  were  extended  from  the  echinaie- 
imncate  cytoplasmic  protrusions  on  the  cell  surface  or  cell  test 
(Figs.  4.  6.  7).  Dactylopodia  remained  extended  for  0.5-10  min 
and  waved  slowly  and  continuously.  The  cytoplasmic  protru¬ 
sions  retracted  with  the  dactylopodia  or  remained  extended, 
ready  to  accommodate  a  new  set.  Dactylopodia  formed  in  all 
directions  with  larger  numbers  in  the  direction  of  movement. 
They  formed  in  groups  of  1-3  (rarely  4)  per  protrusion  (Figs.  4. 
7).  Most  were  a  single  cytoplasmic  filament,  few  branched  once, 
forming  a  fine  fork.  Dactylopodia  did  not  seem  to  take  an  active 
role  in  movement  of  flat  attached  cells.  They  were  used,  how¬ 
ever,  for  motion  in  detached  ceils  which  were  supported  by 
dactylopodia  and  moved  by  transferring  their  weight  on  them 
in  a  bumpy  motion. 

Lobopodia  were  most  common  on  flat,  attached  cells,  where 
they  were  used  for  movement  (Figs.  4.  8).  In  small  cells,  a  wide 
lobopodium  of  clear  cytoplasm  was  extended  in  a  round  front 
while  the  mass  of  granular  cytoplasm  slowly  streamed  into  it. 
Observations  of  attached  moving  cells  on  glass  or  agar  beads 
indicated  that  the  test  and  ceil  membrane  were  rolling  while  the 
cytoplasm  was  streaming 

Dactylopodia  were  thin  and  extended  from  the  cytoplasmic 
echinate-iruncate  protrusions.  Lobopodia  were  round  and  were 
not  observed  in  association  with  these  cone-like  protrusions: 
however,  these  two  types  of  podia  appeared  to  be  somehow  in¬ 
terchangeable.  On  several  occasions  the  typically  2-um-wide. 

1 5-20-um-(ong  dactylopodia  gradually  changed  their  morphol¬ 
ogy.  Within  a  few  seconds  they  were  transformed  into  a  30-40- 
um-wide  lobopodium.  which  was  then  either  retracted,  widened 
further,  or  reshaped  as  a  thin  dactylopodium.  The  echinate- 
iruncate  cytoplasmic  protrusions  moved  witn  the  surface  mem¬ 
brane  around  the  cell,  changing  their  positions  relative  to  eacn 
other  and  to  the  cell  edges.  It  is  not  dear  whether  these  were 
permanent  structures  or  a  transient  formation  of  cell  cytoskeie- 
ton.  Light  and  electron  microscope  observauons  did  not  reveal 
a  permanent  structure  in  the  cell  membrane  or  the  cell  test  which 
corresponded  to  these  cytoplasmic  protrusions. 

Cell  division.  Two  types  of  ceil  divisions  occurred;  binarv 
fission  and  multiple  fission.  Binary  fission  occurred  in  well-fed 
cultures.  Cells  larger  than  60  um  in  diameter  divided,  forming 
two  daughter  cells  not  always  idenucai  in  size  nor  in  number 
of  nuclei,  in  preparation  for  division,  opposite  poles  of  one  cell 
moved  in  opposite  directions  and  a  thin  cytoplasmic  bridge 


Figs.  9-16.  Changes  in  appearance  of  Amoeba-l-7  wuh  changes  in  physiological  stale.  9.  Progeny  of  mulupte  fissions  (two  cells)  before  acuve 
migrauon  started  (7  h  after  division  started).  The  top  right  ceil,  originally  1 10  um.  produced  72  progenv.  The  left  cell,  originally  1 40  um  was  noi 
yet  finished  dividing  its  24  visible  progeny  continued  to  divide  and  reached  their  final  size  (20  umi  2  h  later.  Bar  -  20  um.  10.  Transmission 
electron  micrograpn  of  a  log-phase  cell.  The  clear  food  vacuoles  (fvt  are  full  of  agar.  A  test  is  present  at  the  cell  surface  (arrows:  «  30.000).  1 1 . 
Three  amoeha  cells  "iih  typical  round  io  dumb-bell  shapes.  Cells  tended  to  assume  the  dumb-bell  shape  Before  binary  fissions.  Bar  -  30  um. 
12-  Flat  cell  alter  five  weeks  of  starvation.  Bar  •  50  um.  13.  An  Am-l-7  ceil  exposed  to  DunaiieUa  after  being  starved  for  six  weeks.  Each  amoeba 
cell  formed  a  long  rod  to  maximize  scraping  ability.  Mote  the  cleared  area  the  ceil  left  behind.  Both  arrows  point  at  one  cell  and  us  direction  of 
movement.  Bar  «  40  um.  14.  Extremely  large  cells  were  formed  by  several  ceil  fusions  in  well-fed  cultures.  Bar  -  80  um.  15.  Groups  of  ceils 
starved  for  six  weens  rtoaung  in  the  medium.  The  small  particles  are  tecai  pellets.  Bar  -  100  um.  16.  A  DAPt-souned  cell.  ISO  um  in  diame^r. 
with  bngmlv  rtuorescing  nuclei  distributed  in  the  cytoplasm  between  ihe  round  food  vacuoles.  About  267  nuclei  can  be  counted.  Bar  -  l  2  um. 
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Table  1.  Growth  rates  of  Am- 1-7  on  different  algae. 


- 

Divi- 

Live- 

sions/ 

ussue 

Food  source 

week* 

boiled 

Quality 

Green  seaweeds 

Enttromorpha  intern  italis 

0 

1-2 

Poor  food  source 

Ulva  angusta 

0-0.5 

1-2 

Poor 

Ctadophora  columbtana 

0-0.6 

2-3 

Poor 

Jniceiluiar  green  algae 

Chlamvdomonas  remnardii 

9-1 1 

_  a 

Very  good 

Dunahe/la  irmoleia 

7-10 

— 

Verv  good 

Platvmvnas  subcordtformts 

8-9 

— 

Very  good 

Carterta  pallida 

8-9 

— 

Very  good 

.Vanochlons  sp. 

9-10 

— 

Very  good 

Acetaoulana  mediterranea 

0-0.5 

— 

Poor 

Srown  seaweeds 

Macrocvstts  pvnfera 

gaxnctopnyt« 

Wacrocvstis  pvnfera 

10— l  1 

— 

Very  good 

sporopnytes 

Larrunana  J'arlowti  sporo- 

,  8-10 

9-10 

Very  good 

3  bytes 

8-9 

8-10 

Very  good 

Surpass  urn  muucum 

5-7 

6-7 

Good 

Sargassum  filipendula 

7-8 

7-8 

Good 

Sarfassum  naians 

7-8 

7-8 

Good 

Sargassum  /luttans 

7-8 

7-8 

Good 

Sargassum  pieropleuron 

7-8 

7-8 

Good 

Sargassum  r.yj..-r 

6-8 

6-9 

Good 

Cystosetra  osmundacea 

5-8 

5-8 

Good 

Zanarta  fariowtt 

5-7 

5-8 

Good 

led  seaweeds 

Porphrra  perjorata 

conch  occiis 

3-5 

— 

Poor 

Porphvra  perjorata  blades 

6-7 

7-8 

Good 

Gractlara  sjoestedttt 

7-9 

7-10 

Very  good 

Gracitana  anaenonti 

8-10 

8-10 

Very  good 

Gehdium  rooustum 

7-9 

7-10 

Very  good 

Pnonuts  lancroiata 

8-9 

$-10 

Very  good 

Eucheuma  ajvarezit 

8-9 

8-10 

Very  good 

Gigaruna  e.xasoerata 

8-9 

7-10 

Very  good 

lifarttna  papttaia 

8-9 

8-10 

Very  good 

nmercial  seaweed  wall  extracts 

Algrn  (Kelcoi 

— 

6-7 

Good 

Agar  (Otfcoi 

— 

7-9 

Very  good 

Carrageenan  (Sigmai 

— 

7-9 

Very  good 

•  Growin  experiments  were  done  with  large  cells  <60-40  iuni  dividing 
ly  binary  nssion. 

*  Not  ined. 

emained  last  before  the  cells  separated  (Fig.  5).  Minimum  ceil 
ize  ana  the  presence  of  sufficient  food  supply  were  two  nec- 
ssarv  requirements  for  binary  fission. 

Extremelv  large  cells  <500-1000  »m)  went  through  a  chain  of 
unary  fissions.  As  me  oversized  cells  were  dividing  and  before 
he  first  division  was  completed,  a  second,  third,  or  fourth  binary 
isston  was  initiated.  Such  large  cells  produced  a  chain  of  as 
nanv  as  I  I  daughterceils  during  a  sequence  that  lasted  10  mm. 

Starved  cells  retained  their  size  for  eight  weeks  and  then  shrank 
lowly,  becoming  clear  and  barely  recognizable.  Feeding  of 
tarved  cells  restored  their  normal  range  of  sizes  in  3-(0  days. 

Multiple  fission  was  a  second  type  of  cell  division.  It  was 
nduced  bv  exposing  large  ceils  to  fresh  PES  or  seawater  medium, 
nduction  of  multiple  fission  was  recognizable  3-5  h  after  the 
nedium  was  replaced.  Depending  on  culture  conditions  (pH. 


salinity,  temperature)  and  the  physiological  state  of  the  cells,  it 
lasted  5— *8  h.  Each  ceil  (60->  1200  um)  divided  into  I0->26I 
progeny,  depending  on  the  original  size  of  the  cell.  During  mul¬ 
tiple  fissions  the  cells  released  the  contents  of  their  food  vacu¬ 
oles.  The  young  cells  remained  nearly  motionless  for  5-10  h 
after  division  (Fig.  9).  They  were  7-10  um  in  diameter,  slightly 
wrinkled.  and  whitish-beige.  Twenty  hours  later,  the  cells  were 
moving  actively.  They  were  clear  and  fan-like  and  stretched  to 
15-20  «m.  attached  to  the  substrate  (Fig.  8).  Their  dense  cy¬ 
toplasm  accumulated  in  one  side  of  the  ceil,  and  a  clear  area 
with  dense  cytoplasmic  ridges  was  fanned  in  the  direction  of 
movement.  Young  small  cells  started  feeding  as  soon  as  they 
started  moving.  They  could  also  survive  eight  weeks  of  star¬ 
vation. 

The  induction  of  multiple  tisston  was  most  reliable  and  was 
used  for  fast  production  of  large  numbers  of  cells.  Multiple 
fissions  resulted  in  15—80-fold  increase  in  progeny  per  division 
os  compared  to  binary  fission. 

Nuclei.  Nuclei  that  were  stained  by  DAPI  fluoresced  bright 
blue.  As  many  as  450  of  them  were  counted  in  large  cells  (200 
um).  The  number  of  nuclei  was  proportional  to  the  cell  size. 
After  multiple  fission  the  nuclei  were  distributed  between  the 
progeny,  which  contained  1-5  nuclei  per  ceil.  The  nuclei  were 
about  2-3  «m  in  diameter  and  evenly  distributed  in  the  cyto¬ 
plasm  between  the  food  vacuoles  (Fig.  16). 

Movement.  In  liquid  cultures,  while  attached  to  the  culture 
dish.  Am-I-7  moved  at  about  10  nm/min.  Continuous  obser¬ 
vations  revealed  that  the  cells  spent  about  50%  of  the  time 
extending  and  retracting  tobopodia  and  dactylopodia  in  what 
seemed  to  be  a  random  fashion,  without  changing  their  postuon. 
Over  several  hours  the  cells  moved  in  a  winding  path,  engulfing 
the  food  particles  in  their  way.  They  moved  by  extending  wide 
clear  tobopodia.  which  attached  it  and  wrapped  around  solid 
surfaces. 

When  directional  movement  occurred,  dense  cytoplasm  first 
streamed  into  a  clear  lobopodium.  and  the  whole  cell  gently 
rolled  following  the  direction  of  movement.  The  movement  of 
attached  ceils  was  gradual  with  no  sudden  changes;  however, 
sudden  motions  were  common  when  cells  encountered  an  un¬ 
expected  disturbance,  bristles  of  a  brush  or  a  hair  loop.  In  re¬ 
action.  the  cells  quickly  released  their  contact  wuh  the  substrate 
and  pulled  their  cytoplasm  away  from  the  disturbance.  Less 
than  a  minute  later  the  ceils  were  actively  tesung  the  intruder, 
and  if  no  further  motion  of  the  intruder  occurred,  u  was  used 
as  substrate. 

Detached  cells  in  stirred  liquid  medium  were  earned  by  the 
medium  without  control  over  their  movement  although  their 
clear  protrusiors  and  dactylopodia  were  extended  ready  to  at¬ 
tach.  In  still  liquid  the  dactylopodia  of  detached  ceils  supported 
the  ceils,  keeping  them  above  ihe  substrate.  The  cells  moved 
slowly  on  the  tips  of  these  fine  cytoplasmic  extensions. 

On  agar,  each  moving  cell  created  a  tunnel  which  marked  the 
cell's  path  in  the  agar,  (t  is  not  yet  known  whether  the  cells 
released  short-lived  digestive  enzymes  into  ihe  path  to  create 
the  tunnels,  or  whether  membrane-bound  enzymes  were  in¬ 
volved.  It  was  clear  though  that  the  agar  surrounding  the  tunnels 
was  not  dissolved,  and  that  the  content  of  the  tunnels  was  con¬ 
sumed.  The  tunnels  contained  colorless,  shiny  panicles  (Fgs. 

2.  3)  resembling  the  fecal  pellets  observed  in  cultures  fed  on 
agarophytic  seaweeds.  The  pellets  did  not  contain  proteins  and 
melted  at  b0*C.  suggesting  agar  components  which  were  not 
digested  by  me  amoebae  and  were  released  in  small  bundles. 

A  cell  was  alw.,vs  found  at  the  head  of  us  path  (Fgs.  1-3). 
Cell  movement  on  agar  initially  concentrated  at  the  surface  of 
the  gel.  Weil  established  cultures  had  tunnels  distnbuted 
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throughout  the  agar.  They  also  contained  areas  where  cells  di¬ 
vided  at  tunnel  fronts  without  migra  ng.  Such  cell  accumula¬ 
tions  resulted  tn  large  holes  in  the  partially  digested  agar  (Fig. 
3).  Besides  the  amoebae  (Fig.  3.  black  arrows),  the  holes  were 
full  of  the  shiny  -eleased  contents  of  food  vacuoles  or  fecal  pellets 
(Fig.  3.  white  arrows). 

Cytoplastmc  exchange.  Movement  of  cytoplasm  between  cells 
was  observed  tn  dense  cultures.  When  contact  between  ceils  was 
common,  cells  (>60  midi  formed  cytoplasmic  bridges.  30-50 
usn  wide.  Portions  of  the  cytogei  (30-30%  of  the  cell  volume) 
were  observed  being  exchanged  simultaneously  between  the  cells. 
The  process  lasted  5-o0  min.  Then  cell  membranes  reformed, 
replacing  the  bridge,  and  the  cells  separated  and  moved  away 
from  each  other.  During  such  exchanges  the  two  cells  retained 
their  individual  morphology  although  their  cytoplasm  was 
bridged. 

Food  and  feeding.  Amoeba-1-’  engulfed  food  panicles  which 
it  encountered  on  us  path.  It  was  also  readily  able  to  "cut  ' 
pieces  of  live  solid  seaweed  tissues  and  of  various  hard  gels 
made  of  seaweed  wall  extract.  The  ceils  crawled  on  many  avail¬ 
able  substrates,  but  they  clearly  recognized  edible  from  non¬ 
edible  panicles.  They  diduot  engulf  their  fecal  pellets  even  when 
starved.  They  attached  to  but  did  not  engulf  glass  beads  unless 
they  were  coated  with  agar,  and  they  selectively  collected  algal 
species  which  were  more  digestible. 

A  vanetv  of  seaweed  tissues,  live  and  boiled,  as  well  as  plain 
agar,  carrageenan,  algin.  and  fucans  supported  good  growth  of 
Am-l-7.  Live  green  seaweeds  ( Emeromorpna .  L'lva.  Cladopho- 
ra,  Chara.  Acetabularia )  were  the  least  e  ible.  When  supplied 
with  green  seaweeds,  the  amoebae  accumulated  on  the  surfaces 
of  the  plants  and  collected  particles  and  small  amounts  of  re¬ 
leased  cytoplasm  from  broken  cells,  but  growth  did  not  occur. 
Boiled  green  seaweeds  were  more  digestible  and  supported  mar¬ 
ginal  growth  at  rates  of  1-Z  cell  divisions  per  week.  In  com¬ 
parison.  brown  and  red  seaweeds  supported  good  growth  of  7- 
10  divisions  per  week  (Table  0.  Among  the  brown  seaweeds, 
the  Laminanales  supported  the  best  growth.  Wacroc'.  stis  ga- 
metophytes  were  a  preferred  food  source.  Xtacrocvsus  sporo- 
phytes  were  also  a  preferred  food  source  although  they  required 
a  longer  period  of  digestion  than  the  gameiophvies.  Sargassum. 
C/stoseira.  and  Zonarta  supported  lower  initial  growth,  but  once 
the  cultures  were  established,  division  rates  increased. 

Among  the  red  seaweeds  the  agarophvtes  and  carragenophytes 
were  an  excellent  food  source  for  Am-l-7.  Porpnvra  cuticle  was 
a  difficult  surtbce  for  the  amoebae  to  penetrate  although  a  week 
after  inoculation  tne  amoebae  were  multiplying  well  in  between 
the  cuticle  sheets  of  this  plant.  Boiled  Ponmvra  cuticles  were 
more  accessible  but  not  totally  digestible. 

Besides  oemg  an  interesting  biological  svstem  Am-I-7  is  also 


an  easily  cultured  source  tor  degrading  enz}  mes  for  seaweed  celt 
wall  dissociauon.  The  lack  of  such  enzymes  has  been  a  major 
barrier  in  isolation  of  single  cells  and  protoplasts  from  n..-nv 
seaweeds.  Seaweed  protoplasts  are  desirable  for  studies  tn  basic 
biology  of  algal  cells  and  in  the  process  of '-ansformmg  the  weeds 
of  the  oceans  into  cultivated  crop  plants. 
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Abstract 

A  crude  enzyme  preparation  from  the  marine  amoeba  Trichosphaerium  was  used  to  produce  protoplasts 
from  Sargassum  muticum ,  Macrocystis  pyrifera,  Porphyra  perforata ,  and  other  red  and  brown  marcroaigae. 
Cortical  and  medullary  protoplasts  of  Sargassum,  which  were  impossible  to  obtain  using  mixtures  of 
previously  available  enzymes,  have  now  been  prepared.  Intact  inner  cortical  and  medullary  protoplasts 
of  Macrocystis,  which  were  not  observed  in  past  isolations,  were  obtained.  Improved  protoplast  yields 
of  as  much  as  500  fold  resulted  from  feeding  the  amoebae  on  specific  seaweeds.  Cuticles  of  live  Sargassum 
and  Macrocystis  were  digested  easily  by  the  amoebae.  However,  cuticles  of  autoclaved  Macrocystis  and 
those  of  Porphyra  (fresh  or  autoclaved)  were  eaten  last.  In  spite  of  the  absence  of  identifiable  extracellular 
enzymatic  activity  in  the  medium,  the  amoebae  were  able  to  ‘cut’  and  consume  live  fronds  and  blocks 
of  gelled  agars,  carrageenans,  and  alginates. 


Introduction 

Seaweed  grazers  and  pathogens  have  been  used 
extensively  as  sources  for  seaweed  cell  wall 
degrading  enzymes  (Cheney  etai,  1984;  Liu 
etal.,  1984;  Polne-Fuller  &  Gibor,  1984;  Fujita& 
Migita,  1985).  These  available  enzymes  were 
limited  in  their  ability  to  degrade  different  algae 
and  different  tissue  types.  Therefore,  we  have 
been  searching  for  new  sources  of  more  efficient 
enzymes  with  a  wider  range  of  substrates 
This  paper  describes  the  usdof  amoeba! 
enzymes  for  degradation  of  seaweed  tissues  and 
for  protoplast  isolation. 

Materials  and  methods 

The  marine  amoeba  Trichosphaerium  Am-I-7  was 
isolated  from  tissues  of  Sargassum  muticum 


(Yendo)  Fensholt  collected  locally  at  Alegrea 
Beach,  Hollister  Ranch,  Santa  Barbara,  Califor¬ 
nia  (Polne-Fuller,  1987a).  Three  major  expen- 
mental  plants  were  used:  Macrocystis  pyrifera  (L.) 
C.  Agardh  was  collected  locally  at  the  University 
of  California,  Santa  Barbara  campus  point, 
Sargassum  muticum  at  Santa  Barbara  Harbor, 
and  Porphyra  perforata  J.  Agardh  off  rocks  at 
UCSB  campus  point.  Other  species  [Egregia 
menziesii  (Turner)  Areschoug,  Gelidium  robustum 
(Gardner)  Hollenberg  et  Abbott,  Gigartina  ex- 
asperata  Harvey  et  Bailey,  Gracilaria  andersomi 
(Grunow)  Kylin,  and  Prionitis  lanceolata  (Harvey) 
Harvey]  were  ail  collected  at  Coal  Oil  Point. 

\Goleta,  and  at  Alegrea  Beach.  Hollister  Ranch. 
California.  Eucheuma  alverzii  Doty  and  Eucheuma 
striatum  Schmitz  were  collected  in  Hawaii,  and 
Eucheuma  uncinatum-  Setchell  et  Gardner  was 
originally  collected'  in  Baja  California  and  then 
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cultured  in  the  laboratory.  Actively  growing 
seaweeds  were  used.  Splitting  frond  meristems 
and  stipe  tissues  ~  30  cm  below  the  frond 
meristem  of  Macrocysns  were  selected.  Young 
secondary  branches  and  developing  holdfast 
shoots  of  Sargassum ,  and  young  actively  growing 
Porphyra  blades  were  used.  The  tissues  were 
cleaned  and  prepared  for  protoplast  isolation  as 
previously  described  (Poine-Fuller,  1987b;  Fisher 
&  Gibor,  1987).  The  cleaned  tissues  were  either 
immediately  piocessed  or  placed  in  full  strength 
PES  medium  (Provasoli,  1968)  at  60 pmol  m"2 
sec  "  \  18  '’C,  14 ;  8  L :  D  cycle,  for  three  to  five 
days  prior  to  being  chopped  for  protoplast  iso¬ 
lation. 

The  amoebae  were  cloned  and  cultured  on 
sterile  seaweeds  (axenic,  live-cultured  algae  or 
autoclaved  tissues  collected  from  nature).  Diges¬ 
tive  enzymes  were  induced  by  feeding  the 
amoebae  on  a  specific  seaweed  ussue  for  one  to 
three  weeks.  In  experiments  to  induce  .specific 
digestive  enzymes,  the  food  source  was  switched 
every  three  weeks,  and  amoebal  extracts  were 
tested  on  the  various  seaweeds  that  were  used  as 
feed.  Enzyme  activity  was  determined  by  proto¬ 
plast  yields  ( #  protoplasts  per  g  wet  tissue)  after 
two,  four,  six  and  ten  hours  of  digestion.  The 
enzyme  source  was  crude  extract  of  107  amoebae 
mL  “ 1  phosphate  buffer  (pH  6.0).  The  extracts 
were  prepared  by  one  of  two  methods: 

1.  Amoebae  (107  mL"  ')  were  sonicated  for  15 
seconds  at  200  Watts  in  phosphate  buffer 
containing  0.6  M  mannitol.  The  extract  was  cen¬ 
trifuged  (15000  rpm),  the  supernatant  collected, 
its  pH  adjusted  to  6.0,  and  the  solution  was  filter- 
sterilized  (0.22  jim). 

2.  Amoebae  (107  mL"  ')  were  hand-ground  in 
a  glass-on-giass  homogenizer  in  sea  water 
containing  0.6  M  sorbitol.  The  extracts  were 
cleared  by  centrifugation  (15000  rpm),  adjusted 
to  pH  6.0,  and  filter-sterilized  (0.22  pm). 

Axenic  seaweed  tissues  were  finely  chopped 
(<  1  mm)  and  the  enzyme  solution  added  (about 
Ig  wet  wt  mL"1).  Large  volume  treatments 
(10  mL  enzyme  solution  +  5-10  g  wet  tissue) 
were  placed  in  petn  dishes  (6  cm  diameter)  and 
agitated  on  an  orbital  shaker  (30  rpm)  at  room 


temperature.  Rotation  on  a  tissue  culture  wheel 
was  effective  as  well.  Small  volumes  (500  mg  in 
0.5  mL  enzyme  solution)  were  incubated  in 
depression  slides  covered  by  a  thin  layer  of  min¬ 
eral  oil,  without  agitation.  Incubations  were  done 
at  room  temperature  under  low  light  (7-17  jimol 
m  “  2sec  "  1 ). 

Results  and  discussion 

Spontaneous  cell  wall  degradation,  i.e.  presence 
of  protoplasts,  was  not  detected  in  actively  grow¬ 
ing  amoeba  cultures  even  after  two  months  of 
feeding.  Filtered  medium  in  which  amoebae  \-ere 
actively  feeding  did  not  soften  tissues  or  release 
protoplasts,  indicating  lack  of  enzyme  activity  in 
the  medium,  whereas  crude  extracts  of  disrupted 
amoebae  were  enzymatically  active  and  released 
healthy  protoplasts.  These  crude  enzyme  pre¬ 
parations  were  not  toxic  to  the  cells,  eliminating 
the  need  for  enzyme  fractionation  or  purification. 

Protoplasts  from  certain  tissue  types  of  Macro- 
cystis ,  Sargassum.  and  Porphyra  were  prepared 
previously  by  treatments  with  mixtures  of  com¬ 
mercial  and  freshly  prepared  enzymes  (Fisher  & 
Gibor,  1987;  Kloareg  et  al.,  1989;  Poine-Fuller  & 
Gibor,  1984;  Saga  &  Sakai.  1984).  These  en¬ 
zymes  came  from  grazers  such  as  Halioltis . 
Aplysia,  and  Patella,  and  from  pathogenic  bacteria 
and  fungi  that  produce  enzymes  such  as  algmases. 
agarases.  carrageenases  and  ceilulases.  However, 
in  past  experience,  above-holdfast  ana  sexual 
tissues  of  Porphyra  (Poine-Fuller  &  Gibor.  1984) 
were  partially  resistant  to  the  available  enzymes : 
Sargassum  subsurface  and  inner-cortical  cells 
were  impossible  to  dissociate,  and  the  largest 
Macrocvstis  inner-cortical  cells  dissolved  beyond 
recognition.  Using  the  amoebal  enzymes  it  was 
possible  to  dissociate  the  entire  thallus  of 
Porphyra .  the  subsurface  and  inner-cortical 
tissues  of  Sargassum.  and  the  enure  thallus  of 
Macrocysns. 

The  amoebae  displayed  a  clear  preference  for 
certain  food  sources  such  as  Macrocysns. 
Laminaria.  Porphyra ,  Prionins.  Eucheuma .  and 
Gracilana  over  Sargassum .  Egregia.  and  Gelidium. 
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There  was  a  lag  period  between  feeding  by  the 
amoebae  on  a  specific  aigai  species  and  the 
acceptance  of  a  different  aigai  species.  The  length 
of  the  lag  period  depended  on  the  digestibility  of 
the  seaweed,  and  its  similarity  to  the  previous 
seaweed  on  which  it  was  fed.  No  lag  phase  of 
feeding  occurred  between  the  three  species  of 
Eucheuma ,  or  between  Eucheuma,  Gracilaria ,  and 

onitis ,  but  a  lag  or  seven  days  occurred  between 
jracilaria  and  Gelidium  although  these  are  both 
agarophytes.  A  lag  of  one  to  two  weeks  occurred 
upon  switching  from  Macrocystis  to  Prioniris.  or 
from  Prioniris  to  Sargassum.  During  the  long  delay 
in  feeding  on  new  food  sources,  the  amoebae 
became  colorless  and  stretched,  an  indication  of 
starvation.  In  many  cases  the  amoebae  went 
through  multiple  fissions  when  transferred  to  a 
new  food  source,  an  indication  of  stress.  In  all 
cases,  however,  they  eventually  started  t  reding. 
After  intensive  visual  observations  it  was  con¬ 
cluded  that  the  entire  amoebai  population 
recovered  feeding  activity,  rather  than  a  selected 
few  individuals  that  could  have  been  better  able  to 
utilize  the  new  food  source  and  might  have  taken 
over  the  population. 

It  was  not  determined  whether  new  enzymes 
were  induced  or  whether  a  relative  quantitative 
shift  of  the  different  enzymes  was  taking  place. 

The  decreased  ability  of  the  digestive  enzymes 
to  attack  specific  seaweeds  was  expressed  in 
increased  protoplast  yields  and  shorter  periods  of 
incubation.  The  yields  of  Sargassum  protoplasts 
increased  over  500-fold  when  enzymes  of 
amoebae  that  were  grown  on  Sargassum  were 
used  rather  than  enzymes  of  amoebae  grown  on 
Porphvra  (Fig.  1).  A  38-fold  increase  in  protoplast 
yield  was  evident  from  Porphvra  when  enzymes 
from  amoebae  fed  on  Porphyra  were  used  rather 
than  those  fed  on  Sargassum  (Fig.  1).  No  signifi¬ 
cant  difference  in  protoplast  yields  was  evident 
when  either  Porphyra  or  Eucheuma  was  treated 
with  enzymes  from  amoebae  that  were  fed  on 
either  one  of  these  red  seaweeds.  This  was  true  m 
spite  of  the  different  major  carbohydrates  in  the 
cell  walls,  Eucheuma  being  carrageenans 

whereas  Porphyra  has  porphyrans,  xylans.  and 
mannans. 


Incubation  Time  [hr] 


Fig.  1.  Protoplast  ,-elds  (Log)  by  digesting  one  gram  of  wet 
tissue  in  different  enzymes.  Gear  circles  »  Enzymes  from 
Porphyra  perforata-fed-amoebae  on  Porphyra  perforata 
(P-O-P).  Dark  circles  »  Enzymes  from  Sargassum  muticum- 
-fed-amoebae  on  Porphyra  perforata  tissues  (S-#-P)  Clear 
triangles  »  Enzymes  from  Sargassum  muncum-fed-amoebae 
on  Sargassum  muticum  tissues  (S-A-S).  Dark  triangles  =* 
Enzymes  from  Porphyra  pei/orara-fed-amoebae  on  Sargassum 
muticum  tissues  (P-A-s). 


Cuticles  of  live  Macrocystis  and  Sargassum 
were  digested  with  the  rest  of  the  tissues  and 
seldom  were  found  in  the  culture  vessel.  Cuticles 
of  Sargassum  were  not  separated  from  the  tissues 
even  after  autoclaving.  However,  cuticles  of  auto¬ 
claved  Macrccyshs  (Fig.  2)  and  those  of  live  or 
autoclaved  Porphyra  (Fig.  3)  were  selectively  left 
as  a  last  food  source  (Table  1).  In  some  of  the 
amoebai  cultures  that  were  fed  on  brown  and  red 
seaweeds,  an  indigestible  fraction  was  ejected 
from  the  food  vacuoles  as  peilets  of  clear  material 
(‘feces’).  Such  particles  were  not  membrane 
bound  and  did  not  contain  detectable  proteins. 
They  melted  at  40-65  3C  depending  on  the  food 
source,  revealing  thor  carbohydrate  composition. 
Clear  pellets  were  observed  in  cultures  that  were 
fed  on  Macrocystis ,  Laminaria ,  Egregia ,  Gracilana. 
Prionitis ,  Gelidium,  Eucheuma  and  Porphyra  as 
well  as  on  various  agars,  carrageenans,  and 


dgmates.  The  amoebae  did  not  take  up  these 
jellets  again.  In  cultures  fed  Samassum  and 


Macrocystis  the  amoebae  released’,  dark-brown 


pellets  5-10  pm  in  diameter.  Further  enzymatic 


and  biochemical,  studies  on  the  nature  ot  these 


undigested  materials  are  in  progress. 
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Fig.  2.  Cuticle  o(  autoclaved  Marrocvsns  pynfera  {clear  arrow  i  being  digested  by  amoeeue  tcUu*  arrcu, :  ^er'ui?  ssue 

has  been  consumed.  Bar  »  40  Fi%.  J.  Cuticle  of  Porphvra  perforata  (clear  arrow)  being  digested  -  ws) 

after  the  rest  of  tissue  has  been  consumed.  Bar  *  40  pm. 


The  mechanism  by  which  the  amoebae  were 
‘attacking’  the  seaweeds  and  the  gelled  blocks  of 
polysaccharides  (2%  in  seawater)  was  observed. 
Whereas  unicellular  algae  were  phagocytosed 
individually,  the  large  seaweeds  had  to  be 
attacked  enzymatically.  In  order  for  the  amoebae 
to  phagocytose  a  large  seaweed  or  agar  gels,  they 
had  to  attach  to  the  surface  of  the  thailus  or  gel 
and  create  an  external  digestive  pocket  at  the 
contact  area;  then  they  could  dissolve  a  portion 
of  the  thailus  or  gel.  Since  enzymes  could  not  be 


delected  in  the  supernatant,  it  is  amed  that 
they  were  either  short-lived  or  possibly  mem¬ 
brane-bound  under  natural  feeding  conditions. 
Enzymes  were  water  soluble  when  the  amoebae 
were  ground  in  buffers  or  n  sea  water,  and  the 
activity  remained  in  the  centrifuged  and  filter- 
sterilized  supernatant. 

The  feeding  of  these  amoebae  on  a  wide  variety 
of  seaweeds  and  the  wide  distnbuuon  of  the  genus 
in  all  warm  temperate  waters  (isolated  from 
seaweeds  and  sand  samples  from  east  and  south 


i hie  I.  Dissociation  of  seaweed  tissues  and  cuticles  by 
aoebal  enzymes. 
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mstralia,  south  Bra2il,  central  and  southern 
California,  Hawaii,  and  Israel,  unpublished)  may 
'Oint  at  a  potential  pathogen  to  commercial 
eaweed  farming  of  species  such  as  Macrocystis , 
.amino  na,  Eucheuma ,  Gracilaria,  and  Porphyra. 
n richosphaerium  individuals  have  been  isolated 
outinely  from  holes  and  blemishes  on  Macro- 
ystis  and  Laminaria  fronds  in  California  coastal 
waters.  They  were  consistently  isolated  from  thaili 
if  Gelidium ,  Prionitis  and  Gigartina ,  mostly  from 
toles  and  damaged  parts  of  the  tissues  (not  neces¬ 
sarily  decaying),  and  from  intact  vegetative  tissues 
md  receptacles  of  Sargassum.  The  succession  of 
>athogens  in  the  tissues  was  not  studied,  but  the 
ibility  of  these  amoebae  to  penetrate  through 
:uticles  of  the  various  seaweeds  makes  them  a 
lathogen  at  least  by  creating  sites  for  further  bac- 
erial  and  fungal  attacks. 
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